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Abstract
We review the current understanding of time-like virtual photon emission from QCD matter. The
phenomenology of dilepton emission is discussed and basic theoretical concepts are introduced.
The experimental findings are presented, grouped into production of lepton pairs in elementary
processes, production off cold nuclear matter and emission from heavy-ion collisions. The review
emphasizes the role of dilepton emission as tool for studying exotic phases of QCD matter. Open
questions and a route to probe the QCD phase diagram with dileptons are outlined.
Keywords: Heavy-ion phenomenology, thermal radiation, dileptons, in-medium modifications,
chiral symmetry restoration.
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1. Introduction
States of QCD matter at extreme temperatures and densities can be created in the laboratory
by colliding heavy ions at (ultra-)relativistic energies. The strong interaction provides sufficient
stopping to convert all or a large fraction of the kinetic beam energy into excitation and deposit it
around the center-of-mass of the collision system. Once the energy density in the collision system
exceeds a critical value c ≈ 1 GeV/fm3 deconfined matter occurs which can be characterized as
a liquid of strongly coupled quarks and gluons. Due to the high pressure such “nuclear fireballs”
expand rapidly and the system crosses over from partonic degrees of freedom to a system of
hadrons. This evolution resembles features of the universe about 10 µs after its birth. While
the universe was cooling down to temperatures of kT 160 MeV little droplets of the matter
were formed of the smallest size possible allowing color-neutral states. Since, the interior of the
nucleons contains the “hot soup” of the early universe as the energy density in the interior of a
nucleon is of the order of c.
Neutron stars (NS) can be considered giant nuclei1 with radii of the order of 104 m and core
densities factors higher than nuclear ground state density. The high energy density in the NS
core is represented by mass and governed by the immense gravitational forces pulling the matter
inward. It is not known if under such high pressures the hadrons (neutrons) still survive as
quasi-particles or if they are squeezed into each other forming a cold partonic phase. Similar
states of QCD matter are expected to be realized in heavy-ion collisions at a few GeV per nucleon
pair. The reaction is that of a bunch of nucleons interacting with a bunch of nucleons which,
during the course of a central collision, are almost stopped. In contrast, at ultra-relativistic
energies, the interaction is rather dominated by the violent interaction of two giant clouds of
very low-x gluons, while the“stripped” valence quarks mostly escape the interaction zone along
1Despite the fact that neutron star matter is electrically neutral and that the neutron density exceeds the
proton density substantially.
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the collision axis. That explains why the net-baryon density, i.e. ρB − ρB¯ , is high in case of
low collision energies and essentially close to zero at mid-rapidity for collision energies in excess
of
√
sNN = 100 GeV. Common to both situations is that the matter formed in the collisions are
transient states with lifetimes of a few fm/c only.
The experimental challenge is to measure with sufficient precision probes which are sensitive
to the properties of the high-density and high-temperature phase. Virtual photons are such a
case. They occur as intermediary objects which couple lepton pairs (i.e. e+e−, µ+µ−) to the
electromagnetic current of strongly interacting systems. An important advantage of dileptons
over hadronic probes is their immediate decoupling from the strongly interacting system allowing
them to escape nearly undisturbed during all stages of the collision. Moreover, they carry rich
information since the four-momentum of the intermediary virtual photon and its spin orientation
can be reconstructed. This is an important difference to real photons. But at the same time
dileptons also pose challenges: First, the signal is rare and has to be reconstructed with sufficient
purity. Second, experiments integrate the radiation emitted throughout the evolution of the
four-volume of the transient states. To disentangle the cocktail of all sources contributing to
the signal finally involves also the inspection of the hadronic final state of the collision. Last,
pair spectroscopy gives rise to combinatorial background which has to be determined with high
precision and accuracy.
Dilepton spectroscopy in relativistic heavy-ion collisions has been pioneered at SPS (CERN)
in the mid eighties by NA34-HELIOS and NA38 and, soon later, also investigated at much lower
beam energies provided by the BEVALAC (LBNL) using the two-arm spectrometer DLS. With
the availability of lead beams at the CERN SPS, dedicated second generation 4pi-experiments
started operation. CERES was designed to measure electrons with two cylindrical RICH detec-
tors and NA50, the successor experiment of NA38, used a 4 m hadron absorber in front of a
cylindrical spectrometer for muon detection. The dilepton program at SPS has been temporarily
concluded with a high statistics run with the NA60 dimuon spectrometer, an upgraded version
of NA50. Meanwhile, dilepton spectroscopy is pursued at almost all operational heavy-ion fa-
cilities, i.e. from relativistic energies with beams of one GeV per nucleon on stationary targets
with HADES at the SIS18 of GSI, to ultra-relativistic energies as provided by the colliders RHIC
using the detectors PHENIX and STAR and at LHC by CMS, ATLAS and ALICE. At LHC all
the three experiments with central detection are in principle able to investigate thermal dilepton
radiation, although continuum radiation in the invariant mass range below one GeV/c2 is mostly
in the focus of the ALICE experiment.
In this paper, we review the current status of dilepton spectroscopy in relativistic heavy-ion
collisions. We in particular address continuum radiation as an observable for QCD matter under
conditions of high temperature and energy density as formed in (ultra-)relativistic collisions
of heavy ions. An important aspect for the understanding of such continuum radiation is the
coupling of virtual photons to hadrons via intermediary vector mesons which is also discussed
in some detail. To cover the current experimental situation we report recent measurements
concluded at GSI/SIS18, BNL/RHIC and CERN/SPS/LHC. Dileptons are also the proper tool to
study medium modifications of hadrons in cold (i.e. nuclear ground state) matter. The extraction
of medium-modifications requires a detailed knowledge of the coupling of virtual photons to
hadrons in vacuum. This aspect is related to electromagnetic transition form factors of hadrons
in the time-like region, which governs the electromagnetic decay of excited hadronic states. We
will also touch this topic and will discuss the relevance/connection to the heavy-ion program. In
the following section we will start with a short survey about the phenomenology of relativistic
heavy-ion collisions. We will introduce the so-called “standard model” of heavy-ion collisions
and characterize various stages of the reaction. In Sec. 3 we will address experimental aspects of
dilepton spectroscopy and discuss the difference between dimuon and dielectron detection. An
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introduction to the theoretical foundations of dilepton spectroscopy is presented in Sec. 4. Sec. 5,
finally, is devoted to experimental results and comparisons to model calculations. We finish with
an status and outlook.
2. QCD matter under extreme conditions
High-energy heavy-ion collisions are characterized by the collision energy defined by the
total center of mass energy per nucleon-nucleon pair
√
sNN, the “size” of the collision system,
determined by the combination of ions brought to collision and the centrality of the collision
estimated i.e. by the event activity. The latter is typically evaluated by the multiplicity of
charged particles reconstructed for a given event. The heaviest systems routinely chosen are
the symmetric systems Au+Au or Pb+Pb with around 400 nucleons participating in a central
collision.
In an experiment at the BEVALAC utilizing a medium-heavy collision system (Ta+Ta) at
400 A MeV it was observed for the first time that the particles expelled from the reaction zone
exhibit collective behavior [1]. In semi-central collisions protons and fragments showed a distinct
emission pattern, relative to a plane spanned by the beam axis and the impact parameter then
called side-splash or bounce-off and squeeze [2]. Observed was a preferred in-plane flow in forward
(near projectile) rapidity while at mid-rapidity the flow was directed perpendicular to the reaction
plane and symmetrically back-to-back. Such a pattern is characteristic for a system in which
pressure is built up and the constituents move along the gradient of the local density profile. Flow
patterns are nowadays characterized by the Fourier components vn of the modulating function
F (φ) = F0
(
1 +
N∑
n=1
2vncos(nφ)
)
(1)
which can be investigated in multi-differential manner, like for different particle species, and
as a function of the centrality, the rapidity and the transverse momentum. Here φ measures
the azimuth (w.r.t. to the beam axis) relative to the event plane. The second component v2
(“squeeze”) is particularly interesting. As a function of beam energy the sign of v2 changes two
times. At low beam energies, in the fusion-fission or multi-fragmentation regime, fragment and
nucleon emission is preferred in plane and caused by attraction and resulting angular momentum
of the combined nuclear system. For BEVALAC, SIS18, AGS energies, v2 turns negative (out of
plane) because the projectile and target like residues do not separate fast enough from the fireball
and block the in-plane emission of particles from the hot and dense zone. At ultra-relativistic
energies, v2 is positive again and a direct measure for the pressure of the initial, almond-shaped
QGP droplet [3]. The change of v2 as a function of the collision energy reveals collective behavior
of the matter formed in heavy-ion collisions at any energy between
√
sNN = 2 GeV and
√
sNN =
5 TeV. Moreover, in [4] it has been conjectured that v1 would signal a “softest point” if QCD
feature a first order phase transition to a deconfined medium in the region of high net-baryon
density. At the same time v4 would exhibit a maximum [5]. Yet, the quantification of the
pressure is model dependent [6] and the quest for the precise knowledge of the initial condition
a key program of the heavy-ion community. We will come back to the consequences of collective
effects for the emission of dileptons in Sec. 5.3.2 and 7.
For the discussion of dilepton emission the course of a heavy-ion reaction is conveniently
subdivided into three stages: An initial stage, which is characterized by the violent first encounter
of the constituents of the nuclei, an intermediate stage when the system has build up transverse
motion and which by large can be understood as an extreme state of matter, and a late stage
characterized as dilute gas of excited hadrons which changes its chemical composition solely by
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decays. In the first stage the system’s energy density is determined by the degree of stopping, then
the system converts pressure into collective motion while it is evolving as a locally thermalized
state, and finally the system decouples and the chemical composition and phase space-distribution
of the particles traversing the detectors is determined. This approach is indeed a qualitative
picture and in reality the different stages cannot be strictly separated. Moreover, the assumption
that the fireball has homogeneous properties at a given stage is not necessarily justified. Rather,
from the Glauber picture for colliding nuclei it follows that less stopping occurs in the periphery.
In phenomenological descriptions of such reactions it has been tried to accommodate this fact
by separating the fireball into a core and a corona [7]). In the following, we will discuss in more
detail the three stages of the collision with emphasis on the relevance for dilepton production
and how an increasing collision energy draws on the microscopic structure and dynamics of the
matter.
2.1. The Initial Stage
Evidently, this stage is most affected by the collision energy. The nucleon wavelength in the
N-N rest frame shrinks from a size of the order of the nucleon itself at SIS18 to dimensions where
the softest partons of the nucleons are resolved at LHC. At the same time also the penetration
time, i.e. the instant it takes until both nuclei overlap completely, changes substantially. Com-
pared to the typical hadron formation time (or a baryon resonance lifetime τR) the penetration
takes almost ten times longer at SIS18 energies down to a fraction of only a few per mill at LHC
energies. At near relativistic collisions (SIS18), which we would like to consider first, the initial
collisions are of “nucleon nucleon type” and proceed elastically and inelastically through reso-
nant pion production via intermediate baryonic resonances (mostly ∆’s). Since the life times of
hadronic resonances are substantially shorter than the time it takes until the fireball freezes out,
they can be absorbed and recreated in subsequent collision processes. Indeed, several generations
of the resonances can be created until complete overlap is achieved in central collision of heavy
nuclei. The built-up of the pressure is going in-line with the excitation and decay of resonances
and hence the separation between the initial and intermediate stage is not clearly defined. While
the first N-N collisions have already taken place, more and more nucleons stream into the in-
teraction region. Hence, the in-streaming nucleons not only impinge on the counter-streaming
nucleons of the collision partner but also collide with (excited) baryons which already “piled up”
at mid-rapidity. This situations is referred to as the formation of resonance matter featuring
secondary collisions including baryonic resonances [8]. With increasing beam energy, higher-
lying baryonic resonances are excited and the “frequency” of the collision processes increases due
to the growing Lorentz contraction. Once full overlap is reached, a substantial fraction of the
beam energy is converted to excitation and pressure. The latter is composed of thermal as well
as static pressure due to the nuclear mean field. At beam energies of around 10 A GeV(top
AGS), the time for full penetration is already as short as the lifetime of a baryonic resonance.
In the central region of such collisions baryons might collide subsequently so frequently that the
resonance states are not even fully established between subsequent scatterings.
Dilepton radiation from this stage can in general be described as multiple N-N bremsstrahlung
(cf. Sec. 4.2). In most general terms, the emission process of a bremsstrahlung photon includes
amplitudes for quasi-elastic as well as inelastic collisions involving intermediary baryonic reso-
nances. One way to theoretically describe this stage is to study the time evolution of the nucleon
collisions by means of microscopic transport models (see e.g. [9]). However, the baryon den-
sities can be high and the baryon meson-clouds start to overlap substantially. This situation
is expected to give rise to strong modifications of the baryonic resonance properties or even
might constitute limiting conditions for a resonance gas. A consistent numerical treatment of
in-medium effects governing the colliding baryons and mesons is based on kinetic theory and has
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been formulated by Kadanoff and Baym in the 60’s [10]. Several microscopic transport models
have been developed which use approximations of the Kadanoff-Baym equations of various so-
phistication (cf. 4.7). In cascade mode, i.e. with many-body effects essentially turned off, the
nucleons flow on straight trajectories between collisions and the individual scattering processes
are described on the basis of known, extrapolated or calculated cross sections. This is a good
description as long as the average time between collisions τ ∼ (σρβ)−1 is longer than the time
it takes until the scattered hadron has reached its asymptotic state [11].
Towards higher collision energies the situation is fundamentally different. Even a p-p colli-
sion can turn into a complex process since parton-parton interactions are at action. The high
energy and strong interaction gives rise to a vast range of possible final states. Moreover, due
to the Lorentz contraction essentially all parton-parton interactions happen at the same time.
Parton-parton collisions range from the very soft (non-perturbative) to the hard (perturbative)
regime. The discussion of the many facets of such calculations carried out to describe proton
proton collisions at collider energies goes way beyond the scope of this paper. We will focus on
observations which are relevant for dilepton production.
Hard initial state parton-parton collisions are responsible for the production of charm and
heavier flavor and to direct virtual photon production through quark anti-quark annihilation via
the Drell-Yan process. Both processes give rise to hard virtual photon production dominating
, depending on beam energy, different regions of the dilepton invariant mass spectrum. It is
commonly understood that these contributions can be calculated on the basis of perturbative
QCD taking into account next to leading order graphs 4.3. Perturbative methods, however,
cannot straightforwardly be applied to beam energies below
√
sNN . 10 GeV. The calculation of
charm production down to threshold energies might become possible, though, since long distance
dynamics in the hard process described by so-called Sudakov corrections seem to dominate over
the higher order corrections [14]. In contrast, the large energy density generated in the initial
stage of the heavy-ion collision is by large due to multiple collision of soft partons, i.e. mostly
gluons. In this context it is interesting to note that pomeron exchange has recently found interest
again to describe the non-perturbative (soft) interactions [15]. Pomerons can be understood as
coherent multi-gluon states carrying the quantum numbers of the vacuum. In particular they do
not carry charge and consequently do not radiate (virtual) photons. In the NEXUS model, the
multi-parton collisions are separated into hard collisions (those appearing at large momentum
transfer) and de-localized, soft collisions treated in an effective manner via string formation [16].
The stochastic treatment of the multi-parton collisions allows to study also the energy density
variations over the initial fireball volume. These distributions, which fluctuate event by event,
are in particular responsible for the higher order angular modulations observed in the particle
emission [20].
While many observables in heavy-ion collision scale with the number of nucleons participating
in the collision, hard processes do not trivially scale with the the number of hard binary collisions
due to shadowing effects [18]. nevertheless, the number of participating nucleons is a key quantity
to classify heavy-ion reactions at high energies. Centrality allows a good classification of the
transverse energy production, which in turn is a good measure of the entropy of the system.
As the centrality increases, more and more nucleons take part in the formation of the nuclear
fireball. In experiment, the number of charged particles in the acceptance of the detector system
is usually used to approximate the centrality. Glauber Monte Carlo simulations can be used to
relate a certain multiplicity class to the respective centrality class defined by a mean number of
participating (primordial) nucleons 〈Apart〉 [19]. Its has been shown, that this strategy can be
applied for experiments with beams of a few A GeV on stationary targets [21] up to a few A
TeV energies at the LHC [22]. At ultra-relativistic energies the initial stage of the collision does
not contribute substantially to the yield of soft (virtual) photons. However, the high pressure in
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the initial state and the flow generated out of it has some effect on the momentum distribution
of the (virtual) photons (cf. sec. 6.2).
2.2. The Hot and Dense Phase
The intermediate stage evolves from a state of maximal energy density. The values achieved
depend on the collision system and energy as well as on the impact parameter. In the most gen-
eral case, the energy density is not constant across the interaction volume but will drop towards
its periphery and will exhibit fluctuations. However, there is good evidence that throughout the
evolution during this stage the system is locally equilibrated. The true nature of the “thermal-
ization” process leading to this situation is still a matter of research. In particular, at lower beam
energies, rapidity distributions of protons suggest that the fireball is not fully equilibrated. Yet,
it is conceivable that different degrees of freedom, e.g. the baryon excitation spectrum versus the
baryon momentum distribution, will have different equilibration times. Fast thermalization in
general can be achieved if three or many-body collisions are at work, or, arguing in the language
of quantum mechanics, if a certain degree of entanglement is realized such that the combined
wave function of a number of constituents probes the phase space according to the level density
available (Fermi’s golden rule). At the high-energy frontier, recently a pre-equilibrium stage has
been introduced, which connects the initial stage characterized by multi-gluon interactions, to
a later stage, when the system can be safely treated as hydrodynamic evolution. This stage
describes the evolution of the system to equilibration using kinetic theory for gluons [17].
Throughout the “hot and dense” stage, the microscopic structure of the matter can primarily
be of hadronic or partonic character. It is said to have hadronic character if the constituents
are good quasi particles identifiable by their pole masses and partonic, if quasi-free quarks and
gluons are the relevant degree of freedom. This are somewhat idealized pictures resembling
features of a dilute hadron resonance gas and perturbative QGP, respectively, both not precisely
realized in nuclear collisions. We would like to give an intuitive picture how a dense hadronic
phase could be understood based on the cloudy bag model. In a sufficiently dense baryonic
system, meson clouds of neighboring baryons will substantially overlap. If such a system is
heated, the average kinetic energy of a baryon increases as does the probability to find baryons
in an excited state of growing excitation energy. In an excited baryon the energy can be carried
as well by the mesonic excitations of the cloud or by the dynamics of the valence quarks r
pure quark model configurations. In other words, the wave function of an excited baryon can
contain contributions of baryon-meson bound states. Such a separation into core and cloud
effects has recently been put forward in describing the structure of baryonic resonances probed
by electron scattering experiments[23]. Here it has been observed that in particular the soft,
i.e. long wave length, perturbations are carried by the cloud. Kinetic energies governing the
hadronic interactions in a thermalized system formed in heavy-ion collision are generally of
soft character. In a baryon-dense medium, however, it will be difficult to attribute the mesonic
excitations to a single baryon core only. Rather, mesonic states might develop a different spectral
structure due to the simultaneous coupling to several baryonic cores. In such a case, one can
speak of a de-localization of the mesonic excitation which, however, would be strongly modified
due to the coupling to neighboring hadrons. As will be discussed in Sec. 4.4, vector mesons states
propagating to a dense hadronic medium are believed to be the prime source of dileptons with
invariant masses up to one GeV/c2.
This picture resembles ideas developed by Hagedorn to interpret particle spectra observed in
violent hadronic collisions, known as the bootstrap model (see [24] for a comprehensive discussion
and historical aspects). The basic idea is that a nuclear fireball contains in itself little fireballs,
each populated with densities governed by Boltzmann weights (cf. Eq. 4). As a consequence,
already in the 60’s Hagedorn suggested that a system composed of hadrons cannot be heated
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Figure 1: The solid blue lines depict conjectured first order phase transition lines ending in critical points. The
phase regions are the quark gluon plasma (QGP), hadron gas (HG) and nuclear liquid (NL). The (black) squares
represent freeze-out parameters derived from hadronic final states while circles depict mean fireball temperatures
extracted from dilepton excess radiation. Results from lattice QCD calculation for the location of the HR-QGP
cross over is shown as yellow band The dashed yellow line marks the limit of validity of the Taylor expansion used
for deriving thermodynamic parameters from lQCD.
beyond a critical temperature since at this temperature mass production would be preferred over
the increase of the average kinetic energy. These constituent fireballs are nowadays interpreted as
high-lying hadron resonances, which in turn can have internal structures comprising multi-quark
components. Examples for such types of baryonic resonances at lower excitation energies are
e.g. the Λ(1405), the Roper resonance N∗(1440), which have strong meson-core components in
their wave functions.
At the highest collider energies, the initial energy density reached in the collision zone is
well beyond 1 GeV/fm3 and net-baryon density practically zero. It is known from lattice QCD
calculations that at such energy densities QCD matter resides in a partonic phase. Moreover,
from the evaluation of the chiral susceptibility [32], which is obtained from the second derivative
of (the logarithm of) the partition function w.r.t. the quark mass a pseudo-critical temperature
of Tc = 156.5 ± 5 MeV is found [33],[34]. If quarks were precisely massless, QCD matter
would undergo a second order phase transition to a chirally restored phase in the vicinity of this
temperature. There is evidence [26] that a fireball created at collider energies, will freeze-out
into a hadronic medium at a temperature just around the pseudo critical temperature derived
from QCD. There is still debate, to what extend residual inelastic collisions will still occur in
the hadronic system. This question is of some importance for the understanding of the dilepton
emission and will be addressed later.
While virtual photon radiation from a QGP can be understood as being due to abundant
radiative qq¯ annihilation (cf. Sec. 4.4), the cloudy bag model is in particular helpful to understand
virtual photon radiation expected from a dense, baryon-rich hadronic medium. Indeed, the
Vector Meson Dominance Model (VDM) suggests that all photons couple to hadrons through
intermediate vector mesons, which in turn can be regarded as an excitation of the cloud carrying
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the quantum numbers of the photon. As it will be discussed in detail in Sec. 4.1.1, VDM is very
successful in the description of electromagnetic transitions of hadrons in vacuum (Dalitz and
two-body decays). Applying this model to means to study in order Investigating the spectral
distribution of virtual photons emitted from a dense hadronic system in the context of VDM
means studying in-medium vector meson propagators, most importantly the one of the ρ meson.
As we will discuss in Sec 4.4, various model calculations demonstrate strong modifications of the
in-medium ρ spectral function due to the coupling of the ρ to baryon-resonance hole states. The
salient feature of these calculations is the ansatz of VDM for baryon-photon coupling stressing
the importance of a sound microscopic understanding of the underlying transitions (cf. Sec. 4.1).
To extract model predictions for the baryon densities and temperatures reached in the various
stages of heavy-ion collisions one can use “coarse graining” methods. For this, multiple simulated
heavy-ion collision events, each computed with the same collision energy, system size and impact
parameter, are sampled on a 3+1 dimensional space-time grid [12]. The densities of a given
space-time cell can then be derived by boosting each cell in its local rest-frame. The degree of
thermalization can be assessed by inspecting the stress-energy tensor in each cell. For example,
using UrQMD it has been found that the density in central Au-Au collisions at
√
sNN = 2.4 GeV,
averaged over a central volume of 73 fm3, reaches already ρ = 0.5 fm−3 ' 3 ρ0 about 12 fm/c
after first contact of the nuclei. With a similar approach, densities of approximately 1 and 2 fm−3
where found for
√
sNN = 3.5 GeV and
√
sNN = 8.8 GeV [13], respectively. Using a 3-fluid hydro-
simulations densities reach even about 20% higher values. It can therefore be conjectured that
maximum net-baryon densities 20 times higher than the ground state density are produced in
the central region of heavy-ion collisions. However, the densities derived in this way have to be
taken as upper values since the short-range part of the nucleon-nucleon potential is not explicitly
treated in most microscopic transport models.
2.3. Freeze-out
In this conceptional approach to dilepton emission from QCD matter created in heavy-ion
collisions it is logical to define a third phase, which spans the time after the system’s chemical
composition of particles is frozen and only changed by electroweak, or strong decays with (cτ 
tf.o.). The idea behind this classification is to identify contributions to the integrated dilepton
yield which can be understood as being due to dilepton or Dalitz decays of hadrons in vacuum
and proportional to the hadron yields at freeze-out. With this definition, the yield connected
to this stage of the collision can in principle be derived independently if the respective hadron
multiplicities of a certain reaction class are measured and the decay processes is well understood.
Based on observed multiplicities and phase space distributions of hadrons, the expected dilepton
yield from this stage can be calculated using the respective branching ratios for decay channels
with a dilepton in the final state. The resulting invariant mass distribution containing dileptons
from different hadronic sources is called hadronic cocktail, or in brief cocktail. This approach can
be verified experimentally by comparing a derived cocktail to the measured dilepton invariant
mass distribution in elementary reactions (cf. Sec. 5.1), or by inspecting a very peripheral heavy-
ion reaction class.
Moreover, at high collision energies it is well established that the (charged) particle multiplic-
ities can be described by grand canonical partition functions assuming that the system suddenly
hadronizes out of a thermalized, deconfined phase (QGP) [25, 26]. While details are still under
discussion (see e.g. [27]), this observation gives straight access to particle abundances as they are
solely determined by a few thermodynamical parameters like volume, temperature and chemical
potentials. Indeed, from the inspection of hadron multiplicities observed for various collision
energies and spanning from
√
s = 5.13ATeV (top LHC energies) down to
√
s = 7 A GeV
(lowest RHIC energies in collider mode) it was found that the derived freeze-out temperatures
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Figure 2: Hadron densities at chemical freeze-out assuming a thermalized hadron resonance gas according to
Eqs. 2, 3 and 4 as function of the collision energy. For the ρ a hypothetical “off-shell” ρ with mass 500 MeV/c2
is chosen representing the LMR medium radiation. Width is neglected throughout. The dashed-doted line shows
the temperature at chemical freeze-out.
(T ) and baryo-chemical potentials (µb) all line up on a narrow band in the QCD phase diagram
(see Fig. 1). As an example, in [28] a phenomenological functional dependence has been reported
for central collision of heavy collision systems (i.e. Au-Au or Pb-Pb) as
T (
√
sNN) =
Tlim(
1 + exp
(
2.6− ln (√sNN/(0.45 ·GeV))) (2)
and
µB(
√
sNN) = 1303 ·MeV · (1 + 0.286 ·GeV · √sNN)−1 . (3)
The parameter Tlim defines the plateau in temperature for high beam energies observed in exper-
iment (see cf. Fig. 1). Other definitions of a universal freeze-out line assume fixed energy per
particle or constant entropy density etc. [30]. Using the above parameterization (Eqs. 2 and 3),
the particle multiplicity densities ni in central collisions can be calculated for a given collision
energy using the approximate formula [29]
ni (T, {µ}) = giT
3
2pi2
∞∑
n=1
(±λi)n
n3
(nmi
T
)2
K2
(nmi
T
)
=
giλi
2pi2
m2iTK2
(mi
T
)
± h.o. . (4)
Here ni denotes the number density for the particle of type i, {µ} = {µB , µQ, µS} the chemical
potentials of the emitting system connected to the conserved quantum numbers: baryon number
(B), charge (Q) and strangeness (S) and mi the mass of the particle. K2 is the Bessel function
of second kind. The minus sign has to be used for fermions (baryons) while the plus sign is for
bosons (mesons). Moreover,
λi (T, {µi}) = eµBBi+µQQi+µSSi (5)
is the fugacity factor of particle i with the chemical potentials {µi} and
gi = 2Ji + 1 (6)
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the spin degeneracy of the particle. The formula breaks the series expansion (4) after the first
term and is precise to within 10% for not too small mi/T . The pion to nucleon ratio along the
freeze-out line can now readily be calculated (see Fig. 2). As can be seen, matter created at
colliders freezes out clearly as pion dominated fireballs while at SIS18/BEVALAC energies the
system has only about 10% pions in the final state. Generally, a substantial additional amount
of pions is produced by rapid decays of (heavy) mesonic or baryonic resonances. In general,
such a freeze-out scenario can describe the yields and the soft part of the transverse momentum
distributions of measured particles, once in addition collective expansion of the fireball is taken
into account.
As it has already been mentioned, in semi-central collisions a strong v2 signal is observed. At
beam energies of a few A GeV particle emission in the reaction plane is partially suppressed
due to absorption of particles emitted from the collision zone (participant matter) in the by-
passing projectile and target (spectator) matter. The latter effect results in a negative v2. With
increasing beam energy the v2 signal turns positive (to in-plane) with increasing strength. At
the highest RHIC energies it has been found that v2 [56] for identified baryons and mesons can
be collapsed to a unique curve if v2 is scaled to the number of constituents quarks nq of the
identified particle (i.e. vq = 2 for mesons and vq = 3 for baryons) and plotted in bins of trans-
verse kinetic energy per constituent quark ET /nq = (mT −m0) /nq, where mT is the transverse
mass and m0 the rest mass of the identified hadron. This observation is commonly called quark
number scaling. The success of the hydrodynamical description of the fireball evolution at ultra-
relativistic collision energies supports the assumption of a very rapid thermalization in the initial
stage. In particular the strong flow effects and quark number scaling give very clear evidence
for a deconfined phase (partonic) phase of the matter which is strongly coupled. Moreover, the
flow develops throughout the whole expansion until the system freezes out. Hence, it is to be
expected that any penetrating probe, as dileptons, which on average decouple from the system
early on, should not follow this flow systematics.
The validity of this expansion scenario has been studied at RHIC by STAR in the the so-
called beam-energy scan [57]. No major non-monotonic behavior of observables characterizing
the fireball evolution has been found down to collision energies of
√
s = 7.7AGeV so far.
Exceptions maybe the excitation function of anti-hyperons [48], which show indeed a change
it the centrality dependence, and the excitation function of Gaussian source radii extracted
from two-pion interferometry [49]. The main purpose of this energy scan, which is currently
repeated with more statistics and an upgraded detector system, is to scrutinize this search for
non-monotonic excitation functions of observables and/or for the disappearance of signatures
evidently attributed to the existence of a partonic phase in this intermediate stage.
As it was already said, a strict division of a heavy-ion reactions into well separated stages is an
idealization. Yet, it eases the way to the interpretation of dilepton emission in (ultra-) relativistic
heavy-ion collisions. At the high energy frontier dileptons emitted in the initial stage (cf. Sec. 2.1)
are characterized by partonic (hard) processes. Although at a few A GeV first chance collisions
are not hard, in the sense that perturbative QCD would apply, yet typical values of
√
sNN (taking
the Fermi momentum into account) soon significantly depart from those characteristic for binary
N-N collisions in the thermalized fireball. The contribution from this first chance collisions or
pre-equillibrium stage can be experimentally accessed by studying elementary (reference) systems
(cf. Sec. 5.1).
Finally, one might like to question that a thermalization of the fireball is achieved at low beam
energies. In that case, microscopic (transport) theory would be the only way to theoretically
address the dilepton continuum. However, the recent development of ”coarse graining” methods
(cf. Sec. 2.1) for the description of dilepton production offers yet another possibility merging both
approaches. We will come back to this point in the discussion of experimental results cf. Sec. 6.
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2.4. The phase diagram of QCD matter
The present understanding of the phase structure of QCD matter is illustrated in Fig. 1. The
properties of QCD matter at vanishing baryo chemical-potential, i.e. for baryon anti-baryon
symmetric matter, is well understood from lattice QCD calculations. A cross over between
a hadron gas at low temperature to a strongly coupled liquid of quarks and gluon has been
located around a pseudo-critical temperature of Tpc = 156 MeV [33, 35]. Below the pseudo-
critical temperature thermodynamic quantities derived from QCD lattice calculations are in
line with respective quantities computed in the hadron resonance gas model [36]. Above this
temperature they deviate and lattice QCD only gradually approaches the properties of an ideal
gas of quarks and gluons at very high temperatures. For temperatures likely reached in heavy-ion
collisions, i.e. below 300 MeV, the quantities reflect the properties of a strongly couple fluid. The
transition from the chirally broken situation to its full restoration is a smooth cross over and
falls approximately in place with the transition from a confined to deconfined state.
In contrast, for matter with large net-baryon density (high µB) the deconfinement transition
is expected to be of first order. The region in the phase diagram where the transition turns
to be first-order, characterized by the occurrence of a critical point, has not been located yet.
Thermodynamic properties of strongly interacting matter in the region of finite baryo-chemical
potential cannot easily be assessed with lattice QCD. The reason is a sign problem which causes
a complex Fermi determinant once µB takes finite values. Using Taylor expansion techniques
it became possible to extent lattice results to µB ' 0.5T , showing no indication for critical
point indicating that the hadron-QGP transition would turn into first order. The search for
the critical point, or likewise for indications of a first order deconfinement transition, is a key
program of relativistic heavy-ion experiments. In parallel, theoretical approaches to solve QCD
based on effective field theories, like Functional Renormalization Group methods or Schwinger-
Dyson calculations, are developed to narrow done the uncertainties.
McLerran and Pisarski have proposed to “organize” the phase diagram of QCD matter by
inspecting QCD properties in the limit of a large number of colors (Nc → ∞ limit) [31]. Obvi-
ously, in the hadronic world the number of degrees of freedom do not change with the number of
colors since hadrons are color neutral objects and need to contain all colors to neutralize color
charge. The number of degrees of freedom in the partonic phase would scale like N2c , because
the number of gluons species carry combinations of color and anti-color. They argued that there
should exist a third phase, termed quarkyonic, which would be characterized by a linear scaling
of the degrees of freedom with the number of colors. It would occur at high net-baryon densities
and moderate temperatures and could be considered as a gas of confined quarks surrounded by
hadronic excitations and glueballs. However, a rigorous derivation of the phase structure in the
real world with three colors only is not available.
The quest is to locate “trajectories” in the phase diagram along which the collision systems
evolve during the intermediate stage of heavy-ion collisions and before the system freezes out.
Since the abundancies and phase space distributions of hadrons are fixed only after the system has
frozen out, the determination of such trajectories based on hadron spectra is close to impossible.
Guidance where to locate fireballs formed in heavy-ion collisions probe the QCD phase diagram is
given by the so-called freeze-out parameters which are depicted in Fig. 1 as black “data points”
(cf. Sec. 2.3). They are obtained from fits of the hadron resonance gas (Eq. 4) to freeze-out
abundancies of a large number hadrons measured in the experiments. The dashed line connecting
the data points is defined by Eqs. 2 and 3.
Electromagnetic probes are currently the only way to obtain direct information from the dense
system before freeze-out. Two such data points are included in Fig. 1 as circles. They refer to
temperatures obtained from the slope of dilepton invariant mass spectra. The approximate baryo
chemical-potentials are taken from the respective freeze-out point. Both lie above the freeze-out
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curve as is expected due to the penetrating nature of dileptons. The procedure to extract such
information from dileptons emitted from heavy-ion collision is a central subject of this review.
3. Experimental aspects of dilepton spectroscopy
The central goal of continuum dilepton spectroscopy is to reconstruct the so-called excess
radiation, which is emitted out of the dense and hot stage of a heavy-ion reaction. This is a
formidable task since on the one hand we have to deal with pair reconstruction, which requires to
form all possible opposite sign pairs from all leptons (electrons or muons) reconstructed in a given
event and hence generates combinatorial pairs not originating from the same virtual photon. On
the other hand, the expected distribution of the excess radiation is rather structure-less and
has to be extracted as one of all signal contributions which all are adding to a eventually huge
background of combinatorial pairs. Moreover, lepton-pair decays of hadrons or pair emission
from annihilation processes are suppressed of order α2 and hence are truly rare probes. The
reconstruction procedure for the dilepton signal can be grouped to the following steps:
1. Reconstruction of sufficiently pure lepton track candidates.
2. Rejection of background leptons on the single track level.
3. Background rejection on the pair level.
4. Estimation and subtraction of the combinatorial and correlated background.
5. Identification of the excess radiation.
6. Efficiency and acceptance correction of spectra.
In the following we first introduce the dilepton observables. Thereafter, we address experimental
aspects of dimuon and dielectron signal extraction and then discuss how the unknown combi-
natorial background can be approximated based on random combinations of leptons. At the
end, we introduce selected experiments which have been used, or are still in use, for dilepton
continuum spectroscopy.
3.1. The dilepton signal
The 6-fold differential production probability for dileptons in covariant form reads
E+E−
d6P
d3p+d3p−
=
d6P
q⊥ dMll dy dq⊥ dϕdθ dφ
. (7)
Here E+− and p+− denote the lepton energies and momenta, respectively. The common choice
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Figure 3: Angles characterizing the de-
cay of virtual photons in its rest frame with
the z axis pointing along the photon direc-
tion. The production plane is spanned by
the beam axis and the momentum vector of
the virtual photon in the laboratory frame.
The definition of the two angels θ and φ
depends on the polarization axis used.
for the six inde endent coordinates, which characterize the emission of the virtual photon in the
beam system, are typically taken to be the invariant mass M``, the transverse momentum q⊥, the
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rapidity y, the polar θ and the azimuthal emission ϕ angles of the virtual photon relative to the
beam axis, and the decay axis of the lepton pair relative to the emission axis of the virtual photon
in the photon rest frame αh (helicity angle). In case electrons are observed (m` = me  M``),
the invariant mass can be well approximated using the geometric mean of the lepton momenta
as
Mee ' 2
√
|p`| |p`| sin
(α``
2
)
(8)
with α`` denoting the opening angle of the lepton pair in the laboratory. This equation demon-
strates that dileptons with small invariant mass but sufficient momentum to traverse the detector
systems appear with small opening angle. This topology can be used to reduce combinatorial
background (cf. Sec. 3.2.2). It may be convenient to use the transverse mass m⊥ instead of the
transverse momentum. For the lepton pair it is defined through
m2⊥ = M
2
`` + q
2
⊥ = qµq
µ + q2⊥ (9)
where q is the virtual photon four-momentum.
It is common to distinguish dilepton invariant mass regions according to the sources domi-
nating them: the Low Mass Region (LMR) below 1.1 GeV/c2, i.e. including the φ meson pole
mass, the Intermediate Mass Region (IMR) 1.1 < Ml+l− < 2.9 GeV/c
2, spanning between the
low-mass vector mesons and charmonium, and a High Mass Region (HMR) above. The relative
abundancies of pairs in these regions depends primarily on the collision energy per nucleon pair.
While in experiments at LHC, RHIC and SPS, dileptons are populating all regions, experiments
at SIS18/BEVALAC up to today could only explore the LMR.
The polar and azimuthal emission angles of individual leptons are connected to the photon
polarization, which in turn depends on the production mechanism. The respective angular
distributions are given in the rest frame of the virtual photon and can be decomposed in the
following way (see [37] and references therein):
dP
dΩ`
= 1 + λθ cos θ`
2 + λφ sin
2 θ` cos 2φ` + λθϕ sin 2θ` cosφ` (10)
+ λ⊥ϕ sin
2 θ` sin 2φ` + λ
⊥
θϕ sin 2θ` sinφ` .
The factors λθ, λφ, λθϕ, λ
⊥
ϕ and λ
⊥
θϕ are the anisotropy coefficients where λ
⊥
ϕ and λ
⊥
θϕ are non-zero
only if the emission is asymmetric with respect to the scattering plane and dΩ` = d cos θ` dφ`.
Depending on the choice of the reference frame, the coefficients can take different values. A good
choice for thermal radiation is the helicity frame (cf. Fig. 3). Here, the quantization axis (z)
is taken to be along the momentum direction of the virtual photon in the heavy-ion collision
(or hadron-hadron) center of mass. The x-axis is taken in line with the reaction plane. For the
discussion of Drell-Yan radiation or quarkonium production also the Collins-Soper frame is used
for which the bisector between the two hadron (heavy-ion) momentum directions in the virtual
photon rest frame is taken as the quantization axis. The photon polarization and consequently
lepton angular distributions can provide essential information about the dilepton production
mechanism as well in vacuum as in hot and dense medium. This topic is discussed in Sec. 4.
3.2. Extraction of the dilepton signal
Signal dileptons are pairs which originate from the same virtual photon (mother particle).
From the physics point of view it does a priori not matter if electrons or muons are used
to reconstruct the virtual photon spectrum, aside from a different phase space cut-off at low
invariant masses due to the by a factor ' 200 higher rest mass of muons. Experimentally,
however, there are substantial differences which are related to both, the detection of the signal
with sufficient purity as well as the rejection of background.
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3.2.1. Muons
The detection of muons has advantages over electron detection if the laboratory momenta of
the leptons are sufficiently high. Using hadron absorbers in front of a muon detection system
enables that essentially only muons reach these detectors. Such absorber technique can, in
certain cases, allow to easily trigger on the production of muons or even on muon pairs which
is in most cases impossible for electrons. A disadvantage of the absorber technique is that
hadron identification in the acceptance of the absorber requires placing of respective detectors in
front of the absorber which enlarges the whole detection system accordingly. Hadron absorbers,
moreover, introduce collisional energy loss and multiple scattering to muons. Consequently,
absorber techniques are advised if the laboratory momenta (or energy) of the muons are not too
small. This can be assessed by computing the the mean muon energy loss < dE/dx > of an
absorber material over one nuclear interaction length λI in this material:
< Eloss >=
∫ λI
0
dE
dx
dl ≈ λI dE
dx
∣∣∣∣
MIP
. (11)
For Iron, using for simplicity the mean energy loss of a minimum ionizing (MIP) muon of 1.45
MeV /(g/cm2), a muon has lost ≈ 200 MeV over a distance after which the hadron’s survival
probability has dropped to Psurv. = 1/e. This is a rough approximation in case of low hadron
momenta where hadronic cross sections strongly vary because of resonant scattering.
The success of such a detection strategy depends on the configuration of the spectrometer.
NA50 used a stand-alone muon spectrometer behind a thick absorber and no magnet in front of
it. As a consequence, the muon tracks had to be extrapolated backward to the target (primary
vertex) region through the absorber in order to gain information about the origin of the muons.
Multiple scattering of muons in the absorber, however, blur the vertex resolution of such tracks.
This situation was overcome after the upgrade to the NA60 experiment ([38] and references
herein) when a dipole magnet was added in front of the absorber. The region in the dipole field
was filled with high-resolution silicon strip and pixel detectors. This enabled matching of track
segments reconstructed in the muon spectrometer to track candidates obtained from the silicon
tracker by matching the candidates in configuration and momentum space. The “double match”
provided sufficient selectivity to reach high purity in the muon reconstruction by avoiding fake
matches of tracks produced by different particles in front of and behind the absorber.
Moreover, the precision of the track reconstruction right behind the target empowered a
partial rejection of off-vertex tracks, which are characteristic for daughter muons escaping after
weak decays of charmed hadrons near to the primary vertex. A similar approach will also be
realized in the upgrade of the ALICE muon forward detector for Run 3 and 4 [39]. A third option
is to segment the absorber and to interlace it with tracking detectors. This allows to substantially
reduce the negative effect of multiple scattering by continuously matching the proper track
segments to a global track. Such a solution has been chosen by the CMS experiment at CERN
[40] which in addition uses the return yoke of the solenoid as hadron absorbers and the reversed
field herein as second spectrometer. This technique is also foreseen for the muon detection system
of the upcoming CBM experiment at FAIR [41], albeit not having a strong magnetic field in the
absorber region. The challenge here is the high track density in the detector behind the first
absorber which “sees” substantial low-energy secondary particles at a stage where not all primary
hadrons are stopped yet.
A background source of muons, when using absorber techniques, are weak decays of charged
pions or kaons in front of the absorber or punch-through hadrons, i.e. hadrons which escape the
absorber including hadrons produced through interactions in the absorber. In the case of a weak
decay e.g. a pion will decay into a muon by radiating off a neutrino and carrying on most of
the pion’s momentum with gradual changes in the direction. It then will penetrate the hadron
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absorbers in the same way as signal muons do. The fraction of pions (or kaons) decaying before
an absorber placed at a distance d away from the interaction point is
P↓ = 1− e−γ dcγτ (12)
for a pion (kaon) with laboratory energy E, lifetime τ and γ = Empi,K . Evidently, muon detection
is advantageous for fixed target experiments at ultra-relativistic energies, in collider experiments
at large forward or backward rapidities or for high-p⊥ probes in the central rapidity region due
to the large γ factors in the laboratory frame. In all cases signal impurities due to muons from
weak decays can additionally be suppressed by active detection of the momentum change to
the trajectory of the decaying hadron (both a directional change and a sudden kinetic energy
loss) introduced by the escaping neutrino. For the latter, the “mass” of the tracking system
plays an important role since the ability to detect such a kink in the trajectory is again strongly
effected by multiple scattering. Even if the track reconstruction is not able to spot the kink
in the trajectory, it is still possible to draw on the Distance of Closest Approach (DCA) of the
extrapolated track to the primary interaction vertex.
3.2.2. Electrons
The detection of electrons is not affected by above considerations but faces other challenges.
Below momenta of around 300 MeV, the precise limit depends on the detector geometry and the
resolution of the time-of-flight measurement, electrons can effectively be separated from hadrons
(and muons) by their high velocity (ve ' c). The most crucial “background” hadron is the pion
which, due to its small mass, is the first to reach near c and, moreover, is typically much more
abundant than the electron. The pion rejection power, the fraction of falsely identified pions
(adding to the electron sample) over the total number of detected charged pions, should ideally
reach at least 10−3− 10−4. Additional detectors are needed to provide sufficient electron hadron
separation for higher momenta. Commonly used are Ring Imaging Cerenkov (RICH) Detectors
based on gaseous radiators, as for example in the CERES [42] and the HADES spectrometers [43].
However, RICH detectors need to be placed in regions without magnetic field to guarantee
straight trajectories of the electrons inside the radiator which avoids blurring of the imaged ring.
Hence, the introduction of RICH detectors limits the flexibility in the detector arrangement.
Depending on the index of refraction of the radiator gas, pions can be effectively discriminated
from electrons up to momenta of around of 4-5 GeV/c [44, 45]. The other option is to combine
time-of-flight with a precise dE/dx (energy loss) measurement. This strategy is successful if
Time-Projection-Chambers (TPC) are used for tracking, as demonstrated by STAR experiment
at RHIC [46] and a ALICE at LHC [39]. Continuous tracking in the large active volumes of these
detectors provide a large number of quasi-independent energy loss measurements. As observable
a truncated mean is typically used to minimize the effect of fluctuations governed by a highly
skewed probability distribution with a long tail [68].
Additional electron-to-pion separation at higher momenta is provided by Transition Radia-
tion Detectors (TRD). These detectors make use of the transition radiation produced by charged
particles crossing boundaries between materials with different refractive indices. Since the emis-
sion probability is small, the particles have to cross many boundaries and consequently low-mass
foams or compounds are the material of choice. The difficulty is to detect the transition radia-
tion, which is emitted sparsely in the soft x-ray domain and typically together with the signal
induced by the charged electron traversing the same region of the detector where the x-rays are
converted. Yet another option to identify electrons is to combine momentum (tracking) informa-
tion with the signal induced in an electromagnetic calorimeter. At reasonably high energy the
resolution is sufficient to identify the leptons by simultaneous measurement of momentum and
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energy2. Again, precise values depend on the type and quality of the calorimeter.
To maximize the reconstruction efficiency for leptons in situations where several detectors
can contribute, it became common to exploit neural networks in the decision process. The input
layer to the networks is given by the signals of all detector systems which can contribute to the
identification. This includes also the momenta of the track candidates selected for the decision
process. The output layer is a single quantity ranging between zero and unity and providing
a probabilistic information on the track candidate’s nature. The advantage is that there are
no strict cuts required for each signal response. Otherwise, each condition would impose a
probability i that the candidate survives this condition. For a particle candidate to survive
all conditions, a “survival” probability of P =
∏N
i=1 i would result where n is the number of
conditions applied. Hence, any fluctuation of an individual signal response out of the the selection
range would reject the respective track.
While weak decays of hadrons are not of relevance as possible background sources in dielectron
measurements, external photon conversion is. In heavy-ion collisions abundant photons come
from pi0 decay. In fixed target experiments, a high conversion probability can already occur
in the target. This is in particular a problem for measurements using high-Z targets as the
conversion probability increases quadratic with the atomic number of the target material. This
effect can be mitigated with segmented targets, for which the total material budget is distributed
over a number of target slices arranged at distances significantly larger than the diameter of the
target. In such an arrangement, the average distance a prompt photon propagates in the target
material is reduced.
There are two important strategies to control the combinatorial background in dielectron
spectroscopy. One is to reconstruct as many as possible conversion and pi0 Dalitz-pairs by
tracking down to low momentum and applying conditions on invariant mass of the reconstructed
pair. While for the conversion both, the opening angle of the two electron tracks and the
invariant mass are close to zero by all practical means, also in case of Dalitz decays a large
fraction of the electron pair has opening angles below a few degree. The condition can also
be placed as 2-dim selection window evaluating independently the mean momentum and the
opening angle, i.e. the two factors defining the invariant according to Eq. 8. This provides a
measure to optimize the signal survival probability for a given background rejection power. With
some detector configurations a “close pair rejection” can already be achieved without tracking
by detecting such pairs by respective double-signals in the Cerenkov detector. This is possible
if the radiator volume of the RICH is placed close to the target (primary vertex) and in a field-
free region. However, the separation power between detector signals due to a single electron
and electron-positron close pair is critically depending on the total amount of Cerenkov photons
reconstructed.
Indeed, conversion pairs and a good fraction of the Dalitz pairs have opening angles below a
few degree owing to the small invariant mass of the intermediate virtual photon. Such opening
angles are less likely for random pairs. If a combination is found with θ+− < θ+−cut a pair is assumed
to come from a pi0 decay (photo conversion or Dalitz), eventually is filled to the histogram but the
individual electron and positrons are furthermore not used for other combinations. It has been
found that this strategy can reduce background without substantially reducing signal efficiency.
The rejection can even be improved if also incompletely reconstructed tracks are included in
the search of a close by partner lepton. A fully identified electron or positron would then be
rejected if a “track fragment” is found in close vicinity of it. The virtue of this method will,
however, critically depend on the two-track separation power of the tracking system. Dielectrons
2The relative energy resolution of a calorimeter improves like E
− 1
2
e
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with small opening angle can also be identified if a RICH detector is placed right behind the
interaction region. The Cherenkov photons produced by the the close by track can either be
directly detected by counting the fired cells in the ring region or by identifying ring distortions
or clear signatures of overlapping double rings. The success of such rejection cuts depends on
details of the spectrometer configuration and the performance of its detectors, in particular of
the RICH.
A second handle to reduce background contributions is to reject electron tracks which have
transverse momenta below a certain threshold. Electrons from pi0 Dalitz decays or from conver-
sion of the pi0’s decay photons peak at low transverse momentum. This cuts, however, has to be
handled with caution as it also reduces the phase space of the detected signal pairs in the region
of small invariant mass.
3.3. Determination of the combinatorial background.
Once pure samples of lepton tracks have been obtained, the signal reconstruction is rather
similar for muon and electron pair spectroscopy. Since in heavy-ion experiments we are in
particular interested in the dilepton continuum sources, an important task is to find the best
approximation for the a priori unknown combinatorial background. In fact, the true signal
distribution is obtained from subtracting two smooth distributions in situations where the signal
eventually amounts to less than a percent of the reconstructed unlike-sign spectrum. Such
situations are typically reached in environments with highest charged particle multiplicity. Hence,
background rejection strategies are key to dilepton continuum spectroscopy in heavy-ion collision
experiments.
Generally, the bulk of the background pairs can be grouped into three categories: (1) wrong
combinations of leptons from two fully reconstructed true signal pairs, (2) pairs which contain
at least one lepton from an incompletely detected pair or (3) pairs which contain at least one
falsely identified hadron. To the latter, we count also muons originating from weak decays. The
term combinatorial is chosen here for pairs which result from “uncorrelated” processes, i.e. do
not originate from the same virtual photon. The probability for observing such combinatorial
pairs
P (M+,M−) = P (M+)× P (M−) (13)
factorizes, where P+(M+) and P−(M−) are the probability density functions to observe M
leptons in an event. In the most general case, P+/− depends on the detector configuration and the
event characteristic like, most importantly, collision energy, system size and centrality. Moreover,
it can be defined as multi-differential probability w.r.t. the leptons phase space. Indeed, signal
spectra have been derived in situations with signal-to-background as low as 1% [47], which then
requires a precision in the background determination of a few per mill. For step (4) of the
reconstruction procedure the lepton samples for both polarities with multiplicities M+i and M
−
i
in a given event i are then paired taking all possible combinations which results in
M+− =
∑
i
M+−i =
∑
i
(
M+i ×M−i
)
(14)
unlike-sign pairs. Most pairs are of combinatorial type and their multiplicity increases about
quadratically with the charged particle multiplicity of the event class. This is easily understood
from the fact that pions, which are the lightest and hence most abundant hadrons coupling to
leptons, contribute to background either through weak decays (muons) or through their Dalitz
or two photon decays. In the latter case, electrons emerge from the external pair conversion of
these decay photons. The true signal pair distribution S+− is hence obtained from the total pair
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yield3 M+− by subtracting the best estimate for the a priori unknown background B+−:
S+− = M+− −B+− . (15)
To derive the signal with an anticipated statistical precision δS/S, the background has to be
known with an superior precision of
δB+−
B+−
≈ δS
+−
S+−
· S
+−
B+−
. (16)
To minimize the statistical uncertainty, the true background is typically estimated using
both, event mixing and like-sign same event methods. Either one of these methods have their
drawbacks and caution has to be taken. The strategy for event mixing is to subdivide a given
number of events into event classes such that events with similar characteristics like e.g. the
number of participant nucleons (centrality) or the location of the event plane relative to the
detector are combined to form the event classes (pools). Then pairs are generated by combining
each a lepton from a different event of the same pool. In this way it is guaranteed that there
are no correlations between the two leptons while they still were reconstructed from events with
the same event characteristic. The latter is needed to mitigate effects in event mixing as the
true combinatorial background is originating from exactly the same event. Since a given lepton
from one event can be group with oppositely charged leptons of any other event from the same
event pool the statistical error can in principle be brought to the required level (cf. 16). This
is in particular helpful to generate the background in sparsely populated region of the phase
space. However, it was found that statistical limitations in the total event sample can still cause
remaining structures in the event mixed pair sample [51]. Also, the topology of pairs has to be
chosen such, that the reconstruction efficiency of the pair can be assumed to be given by the
product of the single track reconstruction efficiencies. This is to exclude “correlations” in the
lepton reconstruction induced by detector effects like e.g. a dropping reconstruction efficiency if
two tracks are propagating too close to each other, in respect to the granularity of the detection
system. This is not always guaranteed if a pair has a small opening angle. Depending on the
type of tracking detector used the reconstruction efficiency might be effected by the local track
density.
A draw back of this multi-event sampling is that the generated background is a priori not
normalized. Several methods have been developed to provide proper normalization. Most com-
mon is to exploit like-sign same-event pairs which cannot originate from a single virtual photon
due to charge conservation. In this method, for each event like-sign (charged) pairs M++ and
M−− are formed. Since in this procedure the same events are used for which the unlike-sign
pairs are generated, a proper normalization is in reach. To increase the statistics and to cope
with asymmetries in the detection of leptons with opposite charge the best approximation is
obtained from an average of the two charged pair samples. However, the exact procedure to
normalize this charged pair spectrum depends on the nature of dominant pairs producing the
background. In case of dimuon spectroscopy, dominant background pairs contain candidates
originating from weak decays of pions and kaons. If the emitting source is truly thermal, the
production of these mesons is uncorrelated and as a consequence also their decay muons. In
dielectron spectroscopy the dominant contributions stem from photo conversion and pi0 Dalitz
decay. Here, the background is mostly produced in pairs. These are two extreme cases and
in practice one can assume that the true background pairs are always a mix of the two. For
3The total (unlike-sign same-event) yield is sometimes also called foreground although, in the true sense of the
word, foreground does not include the background.
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example, in dielectron spectroscopy background can also originate from misidentified hadrons
which then also come to large extend as uncorrelated singles. Vice versa, in the dimuon case
background can occur due to simultaneous weak decays of two pions or kaons originating from
the same mother particle.
For the case of fully uncorrelated background tracks it has been shown that the combinatorial
background is given by the geometric mean of the two charged pair samples:
B+−LS = 2
√
N++ ·N−−. (17)
This equation holds strictly if the multiplicities show Poissonian probability distributions. It
has been demonstrated in [50], however, that different multiplicities for positively and nega-
tively charged background muons can indeed cause deviations of the estimated from the true
background. Hence, an additional factor has to be multiplied on the right side of Eq. 17 which
takes care of this asymmetry. It can be derived by comparing the mixed-event like-sign with the
mixed-event opposite-sign background as
R =
N+−mixed
2
√
N−−mixed ·N++mixed
. (18)
Moreover, as mentioned above, such like-sign electron pairs include quasi correlated pairs if both
leptons originate from each one of the two intermediary photons after internal or external conver-
sion. Common sources of this kind are pi0 or η (via two photon or Dalitz decays) and, to a smaller
amount, ω → pi0e+e− decays. For the latter, there occur three photons as intermediary states
due to the dominant pi0 decay into two photons. To avoid that the normalization is hampered
by quasi correlated pairs one has to remove tracks from external conversion most efficiently and
restrict the normalization to a region where these abundant sources do not contribute.
At high collision energy, quasi correlated like-sign pairs can also arise from correlated open
heavy-flavor mesons [52]. For example a pair of charged D mesons produced in a collision can
both decay semi-leptonically thus producing a quasi-correlated lepton pair. Due to the finite
life-time of the D mesons such possible background sources can be mitigated by rejecting lepton
tracks not originating from the primary vertex. Similar background is produced by correlated B
meson production.
Last, it has to be ensured that the background determination is not hampered by selective
trigger conditions used to record the events in the experiment. For example, the reconstruction
of proper like-sign pairs is impossible if the trigger was set on detection of at least two leptons
with opposite charge as it is often done in two-arm spectrometers [53]. But care has also to be
taken in case the trigger on two leptons is not charge sensitive as pointed out in detail for the
NA60 experiment in [54].
4. Basic Theoretical Concepts
Time-like virtual photons are an ideal probe to study the microscopic properties of strong-
interaction matter. They couple directly to the electromagnetic current of hadronic processes
and probe the spectroscopic properties of the involved hadrons. Sufficient understanding of
the various radiative decay or scattering processes is an important prerequisite to enable the
separation of the total dilepton yield obtained in experiments into various contributing sources.
In the following, we will outline the theoretical approaches to model dilepton radiation. We will
focus on soft radiation as this is relevant for dilepton emission of hadronic systems emphasized
in this review.
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4.1. Electromagnetic decays of hadrons
Leptonic and semi-leptonic two-body and three-body decays of hadrons are the important
processes contributing to the hadronic cocktail in the LMR (cf. Sec. 2.3). They can be grouped
into three cases, each featuring an intermediary virtual photon decaying into a pair of leptons:
The first one is the transition of a hadron into other hadrons with smaller mass and a virtual
photon. A second group is a special case of the first type but with a neutral meson decaying into
a real and a virtual photon. The last case is the direct transition (annihilation) of vector mesons
into virtual photons.
In the most general case the partial width for a decay of particle (P ) into a n-body final state
can be expressed by [68]
dΓ =
(2pi)
4
2M
| T |2 dΦn (P ; p1 . . . pn) , (19)
where M is the mass of the decaying particle and dΦn the n-body final state phase space. In case
of a Dalitz decay of a hadron into a daughter hadron and a lepton pair, the invariant transition
amplitude T is defined by [60]∑
pol
| T (P → P ′`+`−) |2 = e2Wµν 1
q4
Lµν , (20)
where the sum is running over the spin states of the initial and final state particles. The squared
transition matrix element has three parts: (1) the hadronic tensor
Wµν =
∑
spins
MµMν , (21)
which describes the P → P ′γ∗ transition, (2) the square of the photon propagator 1/q2 and (3)
the lepton tensor
Lµν =
∑
spins
jµjν (22)
accounting for the photon-dilepton pair conversion. The leptonic current
jµ = u¯(k1)γ
µυ(k2) (23)
is a vector current coupling to photons and contains the respective Dirac wave functions u(k1)
and υ(k2) of leptons with four momenta k1, k2 and mass ml. The leptonic tensor can explicitly
be calculated as
Lµν = 4(kµ1 k
ν
2 + k
µ
2 k
ν
1 − (k1 · k2 +m2l )gµν) , (24)
and also controls the proper infrared cut-off due to the lepton phase space.
The hadronic tensor includes all information about the interaction between the involved
hadrons and the coupling to the virtual photon produced in the radiative process. The structure
of the hadron-photon vertex is encoded in electromagnetic Transition Form Factors (eTFF) which
depend on the four-momentum transfer q. In case of dilepton decays with q2 > 0 the eTFF’s
are defined in the time-like region. In the space-like region (q2 < 0 ) eTFF’s can be studied
via electron scattering experiments. In view of dilepton spectroscopy most interesting are time-
like eTFF for light neutral mesons, which have been extracted with good precision from dilepton
invariant mass distributions. Similar results on baryon Dalitz decays are very scarce. The results
will be reviewed in the remainder of this section.
As it has already been stressed in Sec. 3, photon polarization affects the lepton angular
distributions. Indeed, the general form of the transition matrix element T depends on the
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polarization of the virtual photon and includes non-trivial angular dependencies of the emitted
leptons. To better visualize this dependence one can rewrite the matrix element (Eq. 20) by
introducing spin density matrix elements [61, 62] as
∑
pol
| T |2= e
2
q4
∑
λ,λ′
ρhadλ,λ′ρ
lep
λ,λ′ , (25)
where the hadron ρhadλ,λ′ and the lepton ρ
lep
λ,λ′ spin density matrix elements are defined in similar
fashion as the hadronic and leptonic tensors. They can be written using the four-vector of the
virtual photon µ(q, λ) with the helicities λ = ±1, λ = 0 and the four-momentum q as
ρlepλ,λ′ = 
µ(q, λ)Lµ,ν 
ν(q, λ′)∗ , (26)
ρhadλ,λ′ = 
µ(q, λ)Mµ,ν ν(q, λ′)∗ . (27)
The asymmetry coefficients given in Eq. 10 can be expressed as combinations of spin density
parameters (see e.g. [62]). While the hadronic part (ρhadλ,λ′) depends in general on the reaction
dynamics and on the type of transition, the leptonic part can be calculated explicitly in QED.
In the virtual photon rest frame (leptons are emitted back-to-back) it is given by [62]
ρlepλ,λ′ = 4 | k |2 ×
 1 + cos2 θe + a −√2 cos θe sin θ e−iφe sin2 θe e−2iφe−√2 cos θe sin θ eiφe 2(1− cos2 θ) + a √2 cos θe sin θ e−iφe
sin2 θe e
2iφe
√
2 cos θe sin θe
iφe 1 + cos2 θe + a ,
 (28)
where a = 2m2`/ | k |2 and k is the momentum vector of one of the two leptons. The polar (θe)
and the azimuthal (φe) angles are given in the rest frame of the virtual photon with respect to
a quantization axis (cf. Fig. 3). In this review we will use the helicity reference frame defined
such that the z axis points along the direction of the virtual photon in the CM frame . The
diagonal elements ρ11 = ρ−1−1 correspond to transversely polarized photons (∼ cosθe), while the
ρ00 (∼ sin2θe) to the longitudinally polarized ones. As we shall see below, these components
appear in the expressions for the angular distributions of electrons emitted in Dalitz decays.
4.1.1. Vector Meson Dominance
Successful theoretical approaches describe the radiative hadron decays by applying the Vector
Meson Dominance Model (VDM), which was already mentioned as an important concept for the
description of thermal radiation of QCD matter (cf. Sec. 2.2). Vector Meson Dominance has
been suggested by Sakurai already in the sixties [63] and provides a very intuitive picture of the
hadron-photon interaction. The conjecture is that the coupling is actually mediated by the light
vector mesons ρ, ω and φ, which carry the same spin and parity as the photon and play the role
of an interpolating field between strong and electromagnetic interactions. With their intrinsic
quark structure they act as the microscopic electric dipole to which the photon couples, very
much like nucleon-hole excitations in the description of the giant iso-vector dipole resonance
of nuclei. According to VDM the hadronic electromagnetic current can straight-forwardly be
written as
Mµ = Jµ = e
∑
V
m2V
gV
V µ , (29)
where V µ are the vector meson fields (ρ, ω, φ) and gV and e
2 = 4piα (~, c = 1) are the vector
meson and the electromagnetic coupling constants, respectively. This current operator is acting
on the QCD vacuum and creates antiquark-quark pairs overlapping with the vector meson states.
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An important conjecture of VDM is that the strong interaction between vector mesons and other
hadrons is proportional to exactly the same coupling constant gV as defined in Eq. 29.
Another important aspect of VDM are interferences between the amplitudes for different
intermediary vector meson states. Besides the well known effect of the ρ/ω interferences in the
e+e− → pi+pi− channel entering the pion electromagnetic form factor [64], much stronger effects
due intermediary baryonic resonances have been predicted for the dilepton invariant masses below
the vector meson poles [65, 66, 67]. This mechanism is closely connected to Dalitz decays of
low-mass N∗, I = 1/2, ∆, I = 3/2 baryon resonances as will be discussed below (Sec. 4.1.3). In
heavy-ion collisions at beam energies of a few A GeV temperatures reached in the fireballs are
about a factor two lower than at SPS or collider energies. Consequently such effects may play
an important role since baryon resonances may dominate over mesonic excitations (cf. Fig. 2).
4.1.2. Two body decays of vector mesons
The partial decay width dΓ for a two body decay of a particle with mass M into particles a
and b is given as [68]
dΓ =
1
32pi2
| T (V → `+`−) |2 p
M2
dΩ (30)
where
p =
(
(M2 − (ma +mb)2)(M2 − (ma −mb)2)
)1/2
2M
(31)
is the photon momentum in the CM frame and (p/M2)dΩ is the phase space factor including the
solid angle dΩ = dφ d(cos θ) of one of the decay particles. The partial decay width of the vector
mesons ρ, ω and φ into a pair of leptons with masses m`+ ,m`− is calculated as two-step process
of the meson-virtual photon transition and its subsequent conversion to a dilepton pair. Thus
the matrix element (Eq. 20), averaged over the vector polarization and electron spins, factorizes
as shown in [69, 70, 71] to
| T (V → `+`−) |2 = | W(V → γ∗) |2 · 4
M4
· | L(γ∗ → `+`−) |2 (32)
=
16pi2α2
3
M4V
g2V
(M2 + 2m2`)
1
M4
. (33)
Note that q2 = M2 with M the invariant mass of the dilepton. The matrix element
| W(V → γ∗) |2= 4pi α
g2V
M4V
is given by (Eq. 29) at the meson pole MV . The conversion of the virtual photon to a lepton
pair is written as
| L(γ∗ → `+`−) |2= 4piα
3
(M2 + 2m2`) . (34)
Finally, using Eq. (30), the dilepton decay width Γ(M) can be obtained as a function of the
dilepton mass as
Γ(M)`+`− =
4piα2
3g2V
M4V
M3
(
1− 4m
2
`
M2
)1/2(
1 +
2m2`
M2
)
. (35)
Table 1 summarizes the total decay widths, the branching ratios to dileptons and the coupling
constants gV of the light vector mesons defined at the pole positions (M = MV ). One should note
that the ratios of the coupling constants gV , extracted from the measured branching ratios [72],
are in good agreement with the SU(3) flavour symmetry predictions: gρ : gω : gφ = 1 : 3 :
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Decay BR Γ [ MeV] gV
ρ e+e− (4.72± 0.05) · 10−5 149.1± 0.8 5.03
ρ µ+µ− (4.55± 0.28) · 10−5
ω e+e− (7.28± 0.14) · 10−5 8.49± 0.08 17.1
ω µ+µ− (9.0± 3.1) · 10−5
φ e+e− (2.954± 0.03) · 10−4 4.27± 0.03 −12.9
φ µ+µ− (2.87± 0.19) · 10−4
Table 1: Branching ratios for dilepton decays, total widths Γ and coupling constants gV of light vector mesons.
−3/√(2). Hence, in the context of VDM, they can be expressed in terms of a single universal
vector meson-photon coupling constant gγ ' 5.6.
The shape of the dilepton invariant mass distribution dN/dM`+`− of the two-body decay
of the broad ρ meson depends on the production process. This is an important aspect as will
become evident later in the discussion of the dilepton spectra obtained in hadronic collisions. In
general, the mass distribution dN/dM of a resonance can be approximated by the relativistic
Breit-Wigner formula, multiplied with dNp(M)/dM quantifying the number of initial states
populating the resonance at mass M as
dN
dM
=
dNp(M)
dM
ΓinΓ`+`−M
2
(M2 −M2V)2 +M2VΓ2tot
. (36)
Here, Γin and Γ`+`− account for the partial widths related to the production and the decay
process, respectively. The number of states dNp/dM depends on the production process and
available phase space. In a baryon dominated hadron resonance gas ρ mesons are likely produced
via excitation and decay of baryonic resonances. For such a two-step production process NN →
N∗(∆)N → NNρ→ NN`+`− the mass distribution of the baryon resonance will strongly affect
the dilepton mass distribution. Indeed, low mass resonances like N∗(1520) or ∆(1720) have a
significant branching to the Nρ channel. The production of ρ mesons in such two-step processes
appears as a special type of (baryon) Dalitz decay as will be discussed in Sec. 4.1.3. In an
equilibrated hadron resonance gas such baryon resonances will be excited with preference of the
lower-side of their mass distribution. This limits also the phase space for the decay and in turn
favours decays populating the low-mass tail of the ρ meson, an effect, which is further enhanced
by the 1/M3 dependence of decay width Γ`+`− (cf. Eq. 35).
One should note, however, that the latter only holds for strict VDM, which assumes that the
coupling gV is constant. For narrow resonances like the ω and the φ meson such an assumption
is justified but the situation is more complex in case of the broad ρ meson state. For example,
the extended VDM model of [73] uses two coupling schemes for the hadron-photon transition:
a direct coupling to photons and a coupling via intermediate vector mesons which vanishes at
q2 = 0. Consequently, a linear dependence on the dilepton mass is predicted [74].
An important channel for dilepton production in heavy-ion reactions at ultra-relativistic
energies is the annihilation of two pions in the fireball. The respective elementary cross section
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has been calculated using a Breit-Wigner resonance description in [69] and [71]:
σpipi→ρ→`+`−(M) =
4pi
p2pi
M ΓpipiM Γ`+`−
(M2 −M2ρ )−M2ρΓ2tot
(37)
=
8piα2ppi
3M3
M4ρ
(M2 −M2ρ )2 +M2ρΓ2tot(M)
(
1− 4m
2
`
M2
)1/2(
1 +
2m2`
M2
)
(38)
=
4pi
3
α2
M2
(
1− 4m
2
pi
M2
)1/2(
1− 4m
2
`
M2
)1/2(
1 +
2m2`
M2
)
| Fpi |2 , (39)
It demonstrates the dependence of the cross section on the pipi center of mass collision energy√
s = M with Fpi denoting the eTFF of charged pions and
Γpipi =
g2ρ
2pi
p3pi
M2
defining the two pion decay width of the ρ meson (Γ`+`− is given by Eq. 35). The proper
threshold behaviour is guaranteed by Γpipi as it cuts off the dilepton mass distribution from pion
annihilation at 2mpi.
In contrary, for dileptons from the previously discussed baryon resonance Dalitz decays such
a cut-off does not exist since the mass of the ρ meson is generated from the excitation energy of
the baryonic resonance. These production mechanisms have been applied in the transport codes
GiBUU [75], UrQMD [76], (P)HSD [77, 78], RQMD [79, 81] and SMASH [80]. The threshold
behaviour is particularly visible in calculations carried out for SIS18/BEVALAC energies. We
will return to this aspect in the discussion of the data (cf. Sec. 6).
For dilepton decays of vector mesons lepton angular distributions were calculated in [82, 83,
84] and expressed, in agreement with Eq. 20, by
dσ
dΩ
∝ 1 + λθ cos2 θl + λθφ sin 2θl cosφl + λφ sin2 θl cos2φe . (40)
The anisotropy coefficients λθ, λθ,φ and λφ are related to the spin density matrix elements
(cf. Eq. 28). Compared to Eq. 10, the coefficients related to the angle relative to the scat-
tering plane vanish. For example, in the case of pion annihilation and the quantization axis
oriented in the direction along the pion momentum, the angular distribution integrated over
azimuthal angle further simplifies to [62]:
dσ
dΩ
∝ (1 + cos2θe)(ρ−1,−1 + ρ1,1) + 2(1− cos2θe)ρ0,0 ∝ ρ0,0sin2θe . (41)
Note that the only non-vanishing element of the spin density matrix is ρ00. Hence, the only
relevant asymmetry coefficient is λθ = −1 (longitudinal polarization). For the Drell-Yan process
similar considerations lead to λθ = +1, i.e. the virtual photon is fully transversely polarized.
4.1.3. Dalitz decays
The decay of a particle with mass M into a three particle final state with momenta pi and
m2i = p
2
i can be expressed by its partial decay width dΓ, which is determined by the Lorentz
invariant matrix element T [68]
dΓ =
1
(2pi)5
1
16M2
| T |2 | ~p1∗ | | ~p3 | dm12 dΩ∗1dΩ3 . (42)
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In this expression ~p1
∗ and dΩ∗1 define the momentum and solid angle element of particle 1 in the
rest frame of the two-body subsystem (1-2), respectively. The invariant mass of this subsystem
is m12 and the momentum p
∗
1 can be calculated with with Eq. 31 by setting M = m12. The
solid angle element dΩ3 is defined in the rest frame of the decaying mother particle with mass
M into particle 3 and the two-particle subsystem (1-2), while the momentum p∗3 can also be
obtained from Eq. 31. All three momenta of the daughter particles lie in a plane. For dilepton
decays (P → P ′`+`−) it is convenient to relate the system 1 − 2 to the dilepton (equivalently
to the virtual photon γ∗) with the invariant mass M`+`− . Next, assuming that the decay is
independent of the azimuthal emission angle of γ∗ w.r.t. the decay plane, one can introduce
three angles to characterize the decay process: the polar angle related to the emission of the
virtual photon and the polar and azimuthal angles describing the lepton decay axis in the γ∗
rest frame (cf. Eq. 40). The latter two are related to the polarization of the virtual photon and
are in particular important for the characterization of the decay source. Meson decays
Dileptons from Dalitz decays of scalar mesons make up a significant fraction of the LMR. Electron
pairs with masses below 140 MeV/c2 come dominantly from pi0 → γe+e−. Strong contributions
to dileptons with masses up to the 500 MeV/c2 originate from η → γ`+`−. At even higher
masses pairs from η′ → γ`+`− as well as from the vector mesons ω → pi0`+`− and φ→ pi0`+`−
contribute, yet with less strength. In the calculations of the respective transition amplitude
(Eq. 20) the P → P ′γ∗ vertex for the decays of interest is identical for pseudoscalar-vector
to vector and vector-pseudoscalar to vector transitions. In both cases the respective hadronic
current (cf. Eq. 21) can be written as [60]
Mµ(P → P ′γ∗) = fPP ′(q2)εαβγµpαqβγ (43)
where pα and qβ are the four-momenta of the daughter particle P
′ and the virtual gamma
γ∗, respectively. The polarization of the vector particle is denoted with γ and εαβγν is the
totally antisymmetric tensor. The function fPP ′(q
2) is the eTFF, which describes the virtual
photon-hadron vertex and encodes the electromagnetic structures of the involved hadrons. For a
point-like particle it is just a constant while for extended objects it generally depends on the four
momentum transfer which, in the time-like region, is equivalent to the dilepton invariant mass
M`+`− =
√
qβqβ . Therefore, measurements of the invariant mass of dileptons from Dalitz decays
enables extracting this important quantity from data. The differential decay widths (Eq. 42) can
be calculated using a similar factorization scheme as given by Eq. 33 (see [60, 69, 72] for details):
dΓ(P → P ′`+`−) = α
3pi
dΓ (P → P ′γ∗)
[
1− 4m
2
l
M2`+`−
]1/2 [
1 +
2m2l
M2`+`−
]
dM2`+`−
M2`+`−
. (44)
Using the invariant transition matrix element T given by Eq. 20, and after normalization to the
partial width for a decay with a real photon in the final state, one arrives to
dΓ(P → P ′`+`−)
dM2`+`−Γ(P → P ′γ)
=
α
3pi
[
1− 4m
2
l
M2`+`−
]1/2 [
1 + 2
m2l
M2`+`−
]
1
M2`+`−
(45)
×
(1 + M2`+`−
M2 −M2p′
)2
− 4M
2M2`+`−
(M2 −M2p′)2
3/2 ∣∣∣∣fPP ′(M2`+`−)fPP ′(0)
∣∣∣∣2
which can be written in a compact way as
dΓ(P → P ′`+`−)
dM2`+`−Γ(P → P ′γ)
= [QED]× F 2pp′(M2`+`−) . (46)
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Figure 4: Mass dependence of eTFF’s derived from measurements of the dilepton Dalitz decays of η (left), ω
(middle) [87, 88] and pi0 (right) [90] mesons. Lines are results of fits using Eq. 48. performed at MAMI (A2
collaboration) [85, 87], BESIII [86], SPS/NA60 [88] and NA62 [90] for η, ω and pi0 mesons together with older
data from Lepton-G.
Decay BR Λ−2 (GeV−2) Reference
pi0 e+e−γ (1.174± 0.035) · 10−2 2.020± 0.031 [90]
η e+e−γ (6.9± 0.4) · 10−3 1.97± 0.13 [87]
η µ+µ−γ (3.1± 0.04) · 10−4 1.934± 0.084 [88]
η
′
µ+µ−γ (1.08± 0.27) · 10−4 1.7± 0.4 [60]
η
′
e+e−γ (4.73± 0.3) · 10−4 1.6± 0.19 [86]
ω e+e−pi0 (7.7± 0.6) · 10−4 1.99± 0.22 [87]
ω µ+µ−pi0 (1.3± 0.4) · 10−4 2.223± 0.045 [88]
φ e+e−pi0 (1.35± 0.11) · 10−5 2.02± 0.11 [89]
Table 2: Summary decay parameters extracted from Light Meson Dalitz decays. For a definition see text.
The function FPP ′(M
2
`+`−) is the eTFF normalized to its value at M
2
`+`− = 0 corresponding to
the emission of a real photon (i.e. at the photon point). With the help of the VDM the eTFF
ca n be expressed as weighted sum of the vector meson’s Breit-Wigner distributions over all
low-mass vector mesons with mass MV
FPP ′(M
2
`+`−) =
[∑
V
gPP ′V
gV
M2V
M2V −M2`+`− − iΓVMV
] [∑
V
gPP ′V
gV
]−1
, (47)
where the weights are the ratio of the coupling strength’ gPP ′V and gV characterizing the P →
P ′V and V → γ∗ vertices, respectively. They can be fixed from quark models, as described
in [60] (note that Eq. 3.10 in [60] uses constants with extra factor 2) or experimental data on
meson decays. In the limit of small width’ and using the pole approximation, the expression
Eq. 47 can be expanded in terms of q2 to arrive at the known dipole form
FPP ′(M
2
`+`−) '
1
1− q2/Λ2 ' 1 +
q2
Λ2
= 1 +
1
6q2 < r2PP ′ >
. (48)
The root mean square radius < r2PP ′ >
1/2 defines a characteristic size of the transition which
reflects the hadron size and Λ−2 is the derivative of the eTFF w.r.t. q2 at the photon point. The
27
above approximation can be applied in the time-like and space-like regime. Fig. 4 shows results
of recent high precision measurements of eTFF of mesons and fits to the data using Eq. 48. The
extracted values for Λ−2 are summarized in Tab. 4.1.3. They generally confirm a growth of the
eTFF as a function of the invariant mass and agree well with the prediction of VDM (given in
Tab. 4 of [60]), except for the ω and φ mesons. A particularly significant disagreement can be
seen for the ω meson.
State of the art calculations of eTFF’s are performed using various approaches: effective
Lagrangians [91, 92], Dyson-Schwinger formalism [93, 94], quark models [95, 96] and dispersion
relations [97, 98, 99] (for a recent review see also [100]). Recently, substantial progress has been
made in extracting eTFF’s from lattice-QCD calculations, both on the mesonic (pionic) [101, 102]
and baryonic sector [103, 104]. In particular the ω eTFF has triggered a lot of interest due to
apparent violation of strict VDM. The description has been significantly improved by leading
order chiral Lagrangian calculations [92] and dispersive theories [98], all of which still failing to
account for its strong rise at very large q2.
A different motivation to study eTFF’s is related to physics beyond the standard model. The
results from measurements of the muon (g−2) differ w.r.t. the Standard Model predictions [105,
106]. It appears that the eTFF’s of light pseudo-scalar mesons enter in the hadronic light-by-
light scattering calculation and, together with the vacuum polarization, are currently the most
prominent part of systematic uncertainties of Standard Model predictions ([100]). Furthermore,
Dalitz decays constitute an irreducible background in searches for a possibly existing dark photon,
an extra U(1) gauge boson which mediates the interaction between Standard Model photons and
dark matter. Several measurement were performed searching for signals from a two-body decay
of the dark photon in meson and baryon Dalitz-decays and in heavy-ion collisions with negative
outcome but providing important limits on its coupling strength to the SM photon (see [107] for
further information).
The angular distributions of the leptons in light neutral meson Dalitz-days can be calculated
using Eq. 41. For such transitions the spin density matrix ρhadλ,λ′ contains only the elements ρ−1−1
and ρ11 and consequently only contributions from transversely polarized photons are selected.
This leads to the general expression for the differential cross section defined in the helicity frame
dσ
dΩ
∝ p2pi
[
2m2`+ | k |2 (1 + cos2θl)
]
. (49)
Experimental results for the decays pi0 → e+e−γ [85, 108] and η → e+e−γ [87, 109], shown in
Fig. 5, corroborate the expected 1 + cos2θl distribution (please note that for electrons one can
neglect the electron mass term in Eq. 49).
Baryon decays
The matrix element for a radiative transition of an excited baryon to its ground state M(R →
Nγ∗) can be expressed as coherent sum of helicity amplitudes A3/2(q2), A1/2(q2) and S1/2(q2),
defined in the resonance decay frame [110, 111]. The amplitudes describe transitions for a
resonance of given spin J and helicity λ∗ to a nucleon with the helicity λ = ±1/2 and a photon
with λγ = 1, 0. The projection axis is defined to be along the photon momentum and hence
λ∗ = −λ + λγ > (please note that one can consider only λγ ≥ 0 due to conserved parity). The
first two amplitudes are related to the transverse photon polarization (λγ = 1) while the last one
is related to the longitudinal photon polarization (λγ = 0). Transverse helicity amplitudes have
been determined in the space-like region for several resonances in electro- and photo-production
experiments. However, they are unknown in the time-like region which is only accessible by their
Dalitz decays R→ Nγ∗ (for a review see [111]). The respective differential decay width dΓ(R→
Ne+e−)/dM`+`− can be expressed similar to Eq. 44 but here with the dΓ(R → Nγ∗) given as
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7partial waves was observed for the ∆(1232) contribution,
the estimate from the PWA can be safely taken as the ∆
production cross section input for the simulation of the
∆ Dalitz decay. In addition, the contribution of nucleon-
nucleon bremsstrahlung is expected to be small, as it will
be discussed in the next section.
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Figure 3: (Color online) ppe+e−γ final state. Dilep-
ton helicity distribution for pi0 Dalitz decay (acceptance
corrected), that is the angle between e+ or e− and γ∗
(upper index) in the γ∗ reference frame (lower index).
Experiment - black data points with statistical errors
only. Fitted formula (red curve) ∼ 1 + B cos2 θ, with
B = 1.00 ± 0.11, in agreement with the expected value
(see [49]). The distribution is symmetric due to the plot-
ting of both e+ and e− contributions.
VI. PPE+E− CHANNEL AND ∆
IDENTIFICATION
The identification of three particles (p, e+, e−) in the
ppe+e− final state allows for the kinematically complete
(exclusive) reconstruction of the ∆ Dalitz decay channel
under two conditions: a) selection of the missing mass
of pe+e− (Mpe
+e−
miss ), close to the proton mass as a signa-
ture of the exclusive pp → ppe+e− reaction; b) invariant
mass Me+e− > Mpi0 for a rejection of the pi0 Dalitz de-
cay. Although the exit channel is in this case γe+e−, it
is only partially suppressed by cut a) due to the finite
missing mass resolution. In about 20% of all events both
protons are measured. Since the origin of the proton is
not known (it can be either the spectator or the product
of the ∆ decay) all projections using proton variables in
their construction are added with a weight of 0.5 for both
protons in the final state, i.e. a) both protons (p1e+e−)
and (p2e+e−) if p1 and p2 are measured; b) measured
proton (pe+e−) and missing proton (pmisse+e−) if only
p is measured.
Figure 4 (left panel) shows the e+e− invariant mass
spectrum as the number of e+e− signal pairs per GeV/c2
to account for the variable bin width used. The combi-
natorial background (CB) is depicted as a gray hatched
area. The data are plotted for a missing mass selection
0.85 < Mpe
+e−
miss < 1.03 GeV/c
2 around the missing
proton mass (5σ cut, see inset in Fig. 4 right panel).
Due to the finite reconstruction resolution a cut to re-
ject pi0 Dalitz decay has been applied at Me+e− > 0.15
GeV/c2 (vertical dashed line). The spectrum spans up
to the mass Me+e− ∼ 0.5 GeV/c2 which is close to the
excess energy 0.54 GeV/c2 available in the p + p colli-
sions for the 1.25 GeV kinetic beam energy. The signal-
to-background ratio in the area above Mpi0 reaches 7-10
(Fig. 4 left panel, inset). The number of reconstructed
e+e− pairs amounts to ∼15500 below 0.15 GeV/c2 and
strongly depends on the missing mass Mpe
+e−
miss selection
window. The variation of the window size shows, how-
ever, that it introduces a systematic error of less than
10% as compared to simulation. The number of e+e−
pairs for Me+e− > 0.15 GeV/c2 amounts to 209 pairs
only. It is not dependent on the missing mass cut un-
less the selection window is at least 3σ. Figure 4 (right
panel inset) shows that the Monte-Carlo simulation (blue
curve) of the ∆ Dalitz decay gives a very similar resolu-
tion as the experimental data reconstruction.
Figure 4 (right panel) presents the invariant mass
spectrum of e+e− and Fig. 5 presents the invariant
mass spectrum of pe+e− (equivalent to missing mass of
pp → pe+e−X) for Me+e−inv > 0.15 GeV/c2, within the
HADES acceptance, respectively. Both spectra are cor-
rected for the detection and reconstruction inefficiencies.
The experimental data corrected with various models
span over the gray band which defines the systematic
(root-mean-square) error due to the model dependent in-
efficiency correction. The correction factor for masses
larger than the pi0 mass is essentially almost constant and
amounts to about 11. The pe+e− invariant mass (Fig. 4)
does not display the usual ∆ resonance shape with the
pole at 1.232 GeV/c2 mass due to the selection of events
with Me
+e−
inv > 0.15 GeV/c2, what naturally favours high
pe+e− masses and results in a distorted ∆ spectral func-
tion. In addition, the distribution is smeared, since the
proton not coming from the resonance is also included.
To justify that the data reveal the ∆ resonance prop-
erties despite the unavoidable smearing due to proton
not coming from the ∆ decay the following distributions
are studied: angular distributions of pe+e− (missing p)
in the c.m.s. system (Fig. 6 left panel) and leptons in
the helicity frame, i.e. the angle between e+ or e− in
the γ∗ rest frame and the γ∗ itself, where leptons and
γ∗ are boosted to the ∆ rest frame (Fig. 6 right panel).
Both projections were corrected for the reconstruction
inefficiencies and the detector acceptance, each distribu-
tion with the respective one-dimensional correction func-
tion. As before, the gray band reflects the uncertainty
due to model-dependent corrections (see Sec. VIA). Ver-
tical black error bars reflect the statistical error only and
Figure 5: Electron angular distributions in the helicity frame for the pi0 → e + e − γ (left) [108] and the η →
e+e−γ (right) [87] Dalitz decays. Red lines denote the (1 +B ∗ cos2θe) anisotropy.
a function of three covariant or Magnetic (GM (q
2)), Electric (GE(q
2)) and Coulomb (GC(q
2))
eTFF’s. The form fa tors are related to the helicity amplitudes discussed earlier (respective
relations can be found in [110]). The relations for the ∆(1232) resonance were introduced by Jones
and Scadron [112] and for higher mass res nances by Devenish, Eisenschitz and Ko¨rner [113]. It
should be noted that the Coulomb form factor couples only to the S1/2 while the electric and
the magnetic form factors couple to all three helicity amplitudes.
The partial decay widths dΓ(R → Nγ∗) for a resonance with mass MR and a spin J ≥
3/2 or J = 1/2, as well as with normal (JP = 1/2−, 3/2+, ..) and abnormal parities (JP =
1/2+, 3/2−, ..), are given by Krivoruchenko and Fa¨ssler in [110]. Equivalent expressions based
on covariant form factors were obtained by Zetenyi and Wolf [114]). The expressions read:
dΓ(RJ≥3/2 → Nγ∗) = F (MR,M`+`−)± (50)
×
(
l + 1
l
|G±M/E(M`+`−)|2 + (l + 1)(l + 2) |G±E/M (M`+`−)|2 +
M2`+`−
M2R
|GC(M`+`−)|2
)
,
F (MR,M`+,`−)
± =
9α
16
(l!)2
2l (2l + 1)!
(MR ±MN )2
M2l+1R M
2
N
[
(MR ±MN )2 −M2`+`−
]l−1/2
(51)
×
[
(MR ∓MN )2 −M2`+`−
]l+1/2
and
dΓ(RJ=1/2 → Nγ∗) = H(MR,M`+`−)± (2 |G±E/M (M`+`−)|2 +
M2`+`−
M2R
|GC M`+`−)|2) , (52)
H(MR,M`+`−)
± =
α
8MR
[
(MR ∓MN )2 −M2`+`−
]1/2
×
[
(MR ±MN )2 −M2`+`−
]1/2
. (53)
Note that for J = 1/2 only two eTFF are defined and that there is no contribution from the
Coulomb form factor at M2`+`− = 0. The + and − signs stand for resonances with normal and
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abnormal parity, respectively (P = Pintr(−1)l, l = 0 for J = 1/2 and l = J − 1/2 for J ≥ /3/2).
The functions F and H depend on the resonance mass (MR) and the virtual photon mass M`+`−
[110]). For a point like particle the form factors GM/E are constant and can be fixed at the
M2`+`− = 0 (photon point) from the existing data.
Figure 6: (Left panel) Dependency of GM on M
2
`+`− for the ∆(1232) → Rγ∗ transition for various ∆ masses
obtained from the covariant quark model of [118]. (Right panel) Ratio of the measured dielectron yield to model
predictions as a function of the invariant mass for ∆(1232)→ pe+e− (see text and [108] for details).
In such cases, the mass dependence of the decay width is given by the functions F and H
and can be regarded as ”QED” reference, as in case of the meson decays. One should however
note, as pointed out in [115], that there were also other expressions used in model calculations of
dilepton production which provided inconsistent results. The influence of various expressions on
dΓ(R→ Ne+e−) and the parameterization of resonance mass distributions for dielectron spectra
has been investigated in detail for the ∆(1232) in [78].
Actually, the q2 dependence of the eTFFs is still an open issue as well from the theory
as from the experiment viewpoint. For example, calculations presented in [116] assume strict
VDM for the ∆(1232)→ Nγ∗ transition and a dominance of the ρ meson in the baryon-photon
coupling, which strongly affects the mass dependence of the eTFF. However, this approach
overestimates the radiative decay widths of baryonic resonances. The extended VDM (eVDM)
developed in [110, 117] includes the coherent contribution of several excited vector meson states
to calculate the decay transition rates like ρ
′
, ρ
′′
and ω
′
, . The model has several parameters
which have been fixed by the quark counting rules, by available data on helicity amplitudes in
the space-like region and based on known branching rations for R→ Nρ decays. This approach
allows to reduce the otherwise too large branching ratios of the R → Nγ transitions computed
with strict VDM models.
The covariant constituent quark model by Ramalho and Pen˜a [95, 118] provides a description
with a dominant GM form factor for the ∆(1232) → Nγ∗ transition while the other two form
factors come out to be small, in accordance with data obtained in the space like region. The
eTFF is build from two contributions originating form the quark core and the pion cloud. The
quark core component describes the resonance as a quark-diquark system in S-wave with a small
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admixture (1%) of a D state. This contribution is determined from lattice QCD and also in
agreement with the data in the space-like region at high q2. The comparison with time-like
data visualizes the role of the meson cloud component which is dominantly of pionic type. The
contribution of the pion cloud in the time-like region is parameterized using two terms: a photon,
either directly coupling to a pion or to an intermediate baryon states. The eTFF of the pion is
fixed from available data. In their most recent work [118], in contrast to previous implementations
[119, 95] based on the Iachello-Wann model developed for the nucleon eTFF [120, 121], the correct
position of the meson pole and the width has been included. A similar model has been applied
for the N∗(1520) resonance [96]. The striking feature of both calculations is an important and
increasing role of the pion cloud contribution in the time-like region.
For the ∆(1232) a rapid enhancement of the |GM |2 as a function of the dielectron invariant
mass is predicted, particularly significant for higher resonance masses (see Fig. 6 left panel). The
pion cloud plays a dominant role, as can be seen from the comparison to the separately plotted
(thin lines) quark-core contribution. The latter provides an almost constant strength below the
ρ meson pole which rapidly increases when the invariant mass approaches the pole region. In
the same figure (right panel) the first experimental data from HADES on the ∆(1232)→ pe+e−
transition are shown [108]. Plotted is the ratio of the measured dielectron yield to the one
expected for a decay of a point-like ∆(1232) (denoted as ”QED”) as a function of the invariant
mass. An increase of the ratio with increasing mass is clearly visible, similarly to the observation
for Dalitz decays of mesons discussed in the previous section. The data are also compared to
predictions of the covariant quark model of Ramahlo-Pen˜a [118] (blue solid line). The increase
in the measured ratio can be interpreted, within this model, as predominately due to pion a
cloud effect (red dotted line) since the core contribution (black dashed line) shows an almost flat
behavior.
4.2. Nucleon-Nucleon bremsstrahlung
In the most general case N-N (nucleon-nucleon) bremsstrahlung can be defined as a process
associated with production of a photon (real or virtual) in a N-N interaction, regardless of the
number of particles in the final state. Ultra-relativistic N-N collisions are governed by partonic
interactions and can result in very hard photons through qq¯ annihilation (Drell-Yan) or to very
complex states with charged particle multiplicities reaching rapidity densities in excess of ten
and even giving rise to thermal radiation. Such contributions from hard processes are usually
not subsumed under the term bremsstrahlung.
At much lower collision energies, in the range of a few GeV beam energy per nucleon, the
dominant contribution to dielectron production from N-N collisions originate from the ∆(1232)
isobar Dalitz decay as discussed in the previous section. However, also other amplitudes con-
tribute to the scattering process NN → NNγ∗. In the non-resonant (”quasi-elastic”) process one
or both nucleons go off-shell for some time after or before the photon is emitted. Their virtuality
is lifted by strong interaction between the nucleons, conveniently calculated in the one-boson
exchange approximation. Such bremsstrahlung is suppressed in p-p over n-p collisions due to the
absence of a dipole moment in the time-dependent electromagnetic field generated by the collid-
ing protons. In microscopic transport model calculations “quasi-elastic” bremsstrahlung is often
calculated using the soft photon approximation [122, 123]. It assumes photon emission following
elastic nucleon-nucleon interactions with an appropriate phase space modification induced by
the produced virtual photon; any interference processes are neglected. Contributions from the
∆ isobar and higher resonances are treated as separate processes and added incoherently as an
extra source of lepton pairs.
Various calculations of N-N bremsstrahlung were performed in the framework of the One
Boson Exchange model in the nineties [116, 124, 125], all treating the resonant and non-resonant
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channel coherently. The results show a dominance of ∆ contributions and the importance of
interference terms originating from various meson exchange graphs. Moreover, the calculations
demonstrate a strong sensitivity of the dielectron yield on off-shell electromagnetic form factors of
nucleons, and on the eTFF of the ∆(1232). Also the modelling of the nucleon-nucleon interaction
requires form factors to dress the respective vertices and also various nucleon-meson coupling
constants, which all need to be fixed from experimental data. While the coupling constants
and hadronic form factors can be extracted from meson production data reasonably well, the
electromagnetic form factors can only be inferred from dilepton data which are very scarce.
The comparison of model calculations to dielectron data from p-p collisions generally confirms
the dominance of ∆ Dalitz decays for dilepton invariant masses above the pion mass. In p-p
collisions only a tiny contribution originates from non-resonant radiation [108]. This situation
changes dramatically in case of n-p collisions where the non-resonant n-n bremsstrahlung con-
tribution plays a significant role [126]. There are two reasons for that. First, the non-vanishing
dipole moment and, second, the additional channel of charged pion exchange not possible in
p-p collisions. The internal charged current gives rise to substantial extra radiation. Moreover,
the respective eTFF at the photon (internal) pion vertex can introduce significant changes in
the dielectron invariant mass distribution towards the ρ meson pole mass. The respective one-
boson-exchange (OBE) calculations differ in how gauge invariance is implemented, in particular
in graphs related to the production of lepton pairs from the internal (charged) pion exchange
line. This particular mechanism of dielectron production has been realized already in the 90′es
[125]. The role of charged pion exchange was emphasized by more recent calculations of Kaptari
and Ka¨mpfer [127] who predicted cross sections by a factor 2-4 larger for the ”quasi-elastic”
contribution as compared to former results. After implementing these newly obtained cross sec-
tions for bremsstrahlung in transport calculation performed by the HSD group [77] it became
possible to explain the long standing ”DLS puzzle” [128], related to unexplained dielectron yield
measured in low energy light ion collisions. However, the subsequent calculations of Shyam and
Mosel, using a similar effective Lagrangian model but a different recipe to conserve gauge invari-
ance, did not confirm such a large increase of the ”quasi-elastic” contribution but stressed the
importance of off-shell ρ contributions in eTFF of the internal charged pion [129, 130].
In order to differentiate between various calculations and mechanisms of dilepton production
in N-N collisions information on the lepton angular distributions are very valuable. As already
discussed for the Dalitz decays of neutral meson, the distribution of the lepton decay angle
w.r.t. the γ∗ axis (in the helicity frame) is expected to show a 1 + B cos2(θl) distribution with
B = 1 (see Eq. 49). OBE calculations of [131] also predict significant anisotropies of the electron
distributions from N-N collisions. For the ∆ Dalitz decay a similar anisotropy as for the pi0 Dalitz
with B ∼ 1, with some slight dependence of B on the dielectron mass, was obtained. This can be
understood as being due to a dominance of transverse photon polarization. On the other hand,
for the non-resonant neutron-proton bremsstrahlung a smaller anisotropy of B ∼ 0.4, decreasing
with increasing invariant mass, was predicted. The only experimental results on electron angular
distributions from N-N bremsstrahlung was recently obtained by the HADES experiment and
will be discussed in (cf. Sec. 5.1.3).
4.3. Dileptons from hard processes
With increasing collision energy partonic processes start to dominate the initial N-N reactions.
As a result, the collision partners can fragment into quark diquark states and the final states are
characterized by an increasing number of produced particles. A particular process of relevance
for dilepton production is the annihilation of a quark with an antiquark, each from one of the
two collision partners. The cross section for this Drell-Yan process is readily written down
in case of very high collision energies, where the parton-parton annihilation can be calculated
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perturbatively. The cross section for a purely electromagnetic transition of two quarks (partons)
can be inferred from the respective Feynman diagram of an annihilation process into a dilepton
(one-photon exchange):
dσˆ
dQ2
=
4piα2
3Q2
e2δ
(
Q2 − sˆ) . (54)
Here σˆ is the “off-shell” cross section to produce a dilepton with squared invariant mass Q2 = sˆ2
and α is the fine structure constant. To arrive at a cross section for production in a p-p collision
one uses the factorization concept of QCD. Along this concept, the annihilation is treated as hard
process while the probability to find a parton with given momentum fraction x, determined by
non-perturbative QCD, is given by the experimentally accessible parton distribution (structure)
functions [133]. In that way the parton-parton (off-shell) cross section has to be weighted with
the probabilities to find partons with the proper momenta pq and pqˆ given by the respective
structure functions fq and fqˆ
dσ
dQ2
= βc
∑
q
∫
dx
∫
dy fq (x) fqˆ (y)
dσˆ
dQ2
. (55)
Here x and y are denoting the momentum fractions carried by the quark and antiquark, respec-
tively. Then, the qq¯ collision energy can be expressed in terms of the p-p center of mass energy√
s as sˆ = (xp1 + yp2)
2 ' xys. The fact that the Drell-Yan cross section at high energies is
determined solely by a QED cross section times the structure functions makes this process a
formidable tool to investigate the internal structure of nucleons. The comparison of such leading
order results with experiment have revealed that higher order effects do play a role. This has
lead to the introduction of so-called K-factors, included in the calculation to force agreement
with data. More care has to be taken in the evaluation of Drell-Yan cross sections in p+A and
A+A. Not only the structure functions are modified when nucleons are embedded in a medium,
but also additional effects occur like gluon shadowing and a p⊥ enhancement caused by parton
multiple-scattering (Cronin effect). The precise knowledge of in-medium partition functions, in
particular those of the gluons, is of great importance to determine the initial conditions of an
ultra-relativistic heavy-ion collision (cf. Sec. 2.1 (see e.g. [134] for a recent review on this topic).
Both hard processes important for dilepton continuum physics in the IMR, open-charm pro-
duction and Drell-Yan, can be calculated using PYTHIA [156] tuned in p-p collisions and scaled
by the number of binary collisions. The correlated charm production can also be determined
experimentally by measurements of D-meson production. Unfortunately, such measurement of
correlatedD meson production are not easy because of their short decay path and have so far been
obtained at SPS only by the NA60 experiment. The production of open heavy-flavour hadrons
has been measured via their hadronic and semi-leptonic decays at mid- and forward-rapidity in
pp collisions at the RHIC and LHC. The results on D meson production are in agreement (within
factor 2) with pQCD calculations performed FNOLL, PYTHIA of POWHEG. Nuclear modifi-
cation factors for charm mesons, identified by their hadronic decay channels, have been recently
also measured at LHC in Pb+Pb collisions by ALICE [136] (for recent overview of LHC results
on heavy flavour see [137], ). An analysis of dilepton emission in Au-Au collisions at
√
sNN200
based on STAR data obtained with the Heavy Flavor Tracker (HFT) has been ongoing at the
time this review was written. THE HFT should help to reduce the contribution of correlated
open charm decay while at the same time it produced additional conversion background due to
its material budget. Excellent tracking performance of the TPC can help to identify electrons
and positrons emerging from conversion in the HFT.
At beam energies below around
√
sNN= 10 GeV perturbative approaches are difficult as
ever higher-order terms have to be taken into account. As of today, the calculation of prompt
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dilepton radiation from initial semi-hard4 scattering processes have not been investigated from
first principles. An attempt to provide a consistent picture of particle production going from
soft to hard processes is the NEXUS project introduced in Sec. 2.1 and described in [15, 16].
However, radiative (electromagnetic) processes have not been treated yet.
The TAMU group has investigated possible contributions of semi-hard processes to the dilep-
ton yield by studying ρ meson production in a schematic jet-quenching model [153]. The initial
transverse momentum spectrum of ρ mesons is assumed to follow a power law with
1
p⊥
dNprim.
dp⊥
= A(1 +Bp⊥)−a . (56)
Here A, B and a are parameters adjusted to N-N scattering data. Second, the transverse
momentum distribution is modified to implement the Cronin effect for which the parametrization
is adjusted such as to reproduce measurements of direct photon production in p + A collisions.
Next, the fraction of ρ mesons which are destroyed by re-scattering before they can leave the
surrounding medium is evaluated. For this, hadronic as well as pre-hadronic cross sections and
the local particle density are used. Finally, the remaining ρ mesons are decayed into dileptons
according to vacuum branching ratios. Such a model can account for the contribution of hard
dileptons around the ρ pole mass as observed e.g. by the NA60 experiment cf. Sec. 5.3.2.
Non-equilibrium models with partonic degrees of freedom can trace the dilepton emission from
initial state dynamics consistently by following the collision history of the partons explicitly.
In the pHSD model, the initial state parton collisions are obtained from the event generator
PYTHIA [135]. Leading partons can re-scatter and strings either hadronize according to the
rules of PYTHIA or melt into partons if the energy density of the surrounding medium exceeds
0.5 GeV fm3. Partons are treated as dynamical quasi-particles with spectral functions depending
on the medium properties. Dileptons are mainly produced in bremsstrahlung-like qg or q¯g quark-
gluon scatterings or in qq¯ annihilation processes. For details see [139]. Since the partons are
dressed in this approach, the respective dilepton spectrum from q¯q annihilation is cut off towards
small invariant masses.
4.4. Thermal radiation
In this section we turn to a different concept of calculating the dilepton emission from strongly
interacting processes. The goal is to describe radiation not based on single collision or decay pro-
cess but to take thermal averages of such processes. As a result one obtains so-called emissivities,
that is an expression for the number of dileptons emitted with given four-momentum and per
unit of four-volume (d4x) out of strongly interacting matter with fixed microscopic composition
(or equation of state). Dilepton radiation rates from QCD matter in thermal equilibrium have
been first derived for a perturbative gas of quarks and gluons. The rates can be expressed in
accordance with the general expression for coupling leptons to the electromagnetic current of
hadrons (cf. Eq. 20) as [142]:
dN ``
d4x
= −4e4
∫
d3k1
(2pi)32E1
d3k2
(2pi)32E2
Lµν(q)
1
q4
Wµν(q) . (57)
The leptonic tensor is integrated over the momenta of the final state leptons with q = k1 + k2,
which can then be written in a compact form as [148]
Lµν(q) = − α
2
3pi3M2
(
gµν − qµqν
M2
)
. (58)
4We distinguish semi-hard process from hard processes where perturbative calculation are applicable and soft
processes, which are driven by baryon resonance production and meson exchange.
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The hadronic tensor Wµν is obtained as thermal average (indicated by the double brackets) of
the electromagnetic hadronic currents Jem assuming essentially qq¯ annihilation in a thermalized
gas of quarks and antiquarks:
Wµν =
∫
d4x e−iqx 〈〈Jµ(x) Jν(0)〉〉 . (59)
For all practical purposes in the description of thermal radiation emitted from heavy-ion collisions
it is sufficient to take into account the three lightest quarks only. The (vector) current then reads:
jemµ =
2
3
u¯γµu− 1
3
d¯γµd− 1
3
s¯γµs . (60)
where the factors in front of the bi-linear forms are the electric charges of the respective quarks.
For an ideal plasma of quarks and gluons at vanishing chemical potential (i.e. matter antimatter
23
 1e-12
 1e-11
 1e-10
 1e-09
 1e-08
 1e-07
 1e-06
 1e-05
 0  2  4  6  8  10
dNl+l-/dω d3p
p=0
ω/T
BW+continuum: ω0/T=0, Δω/T=0
ω0/T=1.5, Δω/T=0.5
HTL
Born
 0
 1
 2
 3
 4
 5
 0  2  4  6  8  10
ω0/T=0, Δω/T=0
ω0/T=1.5, Δω/T=0.5
HTL
free
ρii(ω)/ωT
ω/T
FIG. 12. Thermal dilepton rate in 2-flavor QCD (left). Shown are results from fits without a cut-off on the
continuum contribution (ω0/T = 0) and with the largest cut-off tolerable in our fit ansatz (ω0/T = 1.5).
The HTL curve is for a thermal quark mass mT /T = 1 and the Born rate is obtained by using the
free spectral function. The right hand part of the figure shows the spectral functions that entered the
calculation of the dilepton rate.
In Fig. 12 we show the thermal dilepton rate calculated from Eq. II.14 for two massless (u, d)
flavors. We use the results obtained with our Breit-Wigner plus continuum fit ansatz, Eq. V.2,
as well as results obtained with a truncated continuum term. For the latter we use the case,
ω0/T = 1.5, ∆ω/T = 0.5, which gave a χ
2/d.o.f of about 1. These results are compared to
a dilepton spectrum calculated within the hard thermal loop approximation [12] using a thermal
quark mass mT /T = 1. Obviously the results are in good agreement for all ω/T>∼2. For 1<∼ω/T<∼2
differences between the HTL spectral function and our numerical results is about a factor two,
which also is the intrinsic uncertainty in our spectral analysis. At energies ω/T<∼1 the HTL results
grow too rapidly, as is well known.
In the limit ω → 0 the results for ρii(ω)/ω, and thus also for the electrical conductivity, are
sensitive to the choice of fit ansatz. Within the class of ansa¨tze used by us a small value of
ρii(ω)/ω seems to be favored. Our current analysis suggests,
2 <∼ limω→0
ρii(ω)
ωT
<∼ 6 at T ≃ 1.45 Tc . (VI.1)
This translates into an estimate for the electrical conductivity
1/3 <∼
1
Cem
σ
T
<∼ 1 at T ≃ 1.45 Tc . (VI.2)
Using Eq. II.15 this yields for the zero energy limit of the thermal photon rated,
lim
ω→0
ω
dRγ
d3p
= (0.0004 − 0.0013)T 2c ≃ (1− 3) · 10−5 GeV2 at T ≃ 1.45 Tc . (VI.3)
d Here we used Tc ≃ 165 MeV. This is a value relevant for QCD with 2 light quarks rather than the critical
temperature for a pure SU(3) gauge theory.
Figure 7: Left: thermal dilepton r tes as a function of the (dim nsionless) dilepton energy ω/T (with ω2 =
M2 + ~p2) calculated on the lattice a compared to rates obtained from effective theories. The lattice results
are derived from fitting the spectral distributions with a Breit-Wigner plus continuum contribution. The legend,
from top to down, refers to (a) lattice calculation without a cutoff on the continuum contribution and (b) with
a large cut-off providing an upper limit acceptable. (c) is a calculation in the hard-thermal-loop approximation
(with thermal quark mass mT = T ) and (d) uses the Born approximation (free vector spectral function). The
picture is taken from [146]. Right panel: Spectral functions ρ(ω)/ωT , obtained from lattice QCD for the light
quarks for three temperatures indicated in the legend. Picture taken from [147].
symmetric) and finite temperature the differential rate in the rest frame of the cell can be
expressed as
dN ``
dM2
= Rpart.
α2
6pi2
M2TK1 (M/T ) , (61)
where the Bessel function K1 results from the integration over the 3-momentum of the dilepton.
Furthermore, M is the dilepton invariant mass, T the temperature of the emitting thermal source
and
Rpart. = Nc
∑
f=u,d,s
e2f = 3
(
4
9
+
1
9
+
1
9
)
(62)
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is representing the squared charges of the thermalized quark-gluon phase (shown as reference in
Fig. 7 as “Born” approximation). The thermal average has been taken by working out the respec-
tive phase-space integrals of the initial and final states of all partons in the fireball, and taking
into account Bose-Einstein and Fermi-Dirac distribution functions as well as Pauli-blocking fac-
tors for the parton final states [142]. The microscopic properties of the QGP enter the emissivity
of the QGP just through the number Rpart.. For M/T & 5, corresponding to the IMR, the
functional form given by Eq. 61 agrees within 5% with the description of black body radiation.
Thus, the detection of thermal radiation from the QGP provides a direct measurement of the
mean temperature of the emitting medium. The mean is taken over the 4-volume, i.e. the respec-
tive volume V (T ) in which the matter is of partonic character. Due to the comparatively high
temperature of the QGP phase this radiation of partonic origin dominates the thermal radiation
in the IMR.
Fireballs formed in heavy-ion collision rapidly expand and by the time the system is ther-
malized the temperatures do likely not exceed a few hundred MeV. It is understood that at
such temperatures the plasma is not close to an ideal plasma. To investigate the impact of a
(strong) coupling of the plasma on the emissivity, higher order effects have been studied (see
e.g. for a concise overview [143]). A step forward in deriving the vector correlator in a partonic
medium, beyond the perturbative approach, has been achieved by introducing so-called hard-
thermal-loops (HTL) [144, 145]. This concept overcomes the detailed book-keeping of Feynman
diagrams otherwise needed to avoid singularities occurring as the invariant mass approaches zero.
The vector correlator can also be evaluated on the lattice. For that, the spectral properties of
the correlator have to be extracted from the correlator calculated in Euclidean space-time. The
spectral function is then obtained from a Fourier transformation of the Euclidean correlator.
Technically, this is achieved by employing Maximum Entropy Methods (MEM) as the correlator
is only known on the intersections of the space time grid. Such calculations have been carried out
e.g. by the Hot QCD collaboration within the quenched approximation, i.e. using static quarks
only [146]. The resulting dilepton rates as a function of the dimensionless ratio of dilepton en-
ergy to temperature for virtual photon momentum p = 0 is shown in the left panel of Fig. 7.
The vector correlator has recently been calculated also with dynamical quarks for 2+1 flavors
using anisotropic lattices [147]. This calculation addresses a range of temperatures crossing the
pseudo-critical temperature. For temperatures below Tpc, a clear resonance peak is obtained at
around 800 MeV/c2for the vector correlator using mq = mu,d (see Fig. 7 (right)). Once the
temperature of the radiating source drops below the deconfinement temperature (cf. Sec. 2.3),
the spectral distribution of the thermal radiation is modulated due to the presence of hadronic
resonances as depicted in the right panel of Fig. 7.
For a gas of hadrons, the hadronic current Jem can be composed such as to reflect the
dominant vector meson states (VDM) as
Jµem =
2
3
u¯γµu− 1
3
d¯γµd− 1
3
s¯γµs = Jρ + Jω + Jφ . (63)
The vector meson currents read
Jemρ =
1
2
(
u¯γµu− d¯γµd) (64)
Jemω =
1
6
(
u¯γµu+ d¯γµd
)
(65)
Jemφ =
1
2
(s¯γµs) . (66)
For addressing the LMR it again suffices to take only the low-mass vector mesons into account.
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Figure 8: Cross section ratio of hadrons to di-muons production in positron-electron annihilation (figure redrawn
with kind permission of the European Physics Journal (EPJ) from [149] )
In an analogous procedure as above, the differential rate of virtual photons emitted from a gas
of hadrons is then given by:
dN ``
dM2
= Rhad.
α2
6pi2
MTK1 (M/T ) , (67)
where the factor
Rhad. =
σ (e+e− → hadrons)
σ (e+e− → µ+µ−) ∝
1
M2
Im Πem (68)
in the region(M . 1.5 GeVis reflecting the resonant structure of the hadronic vector current.
The latter is evident from the results of annihilation experiments as shown in Fig. 8. The
prominent resonant hadron production for
√
s≤ 1.5 GeVis due to intermediary light vector
mesons. Note that for the vector mesons composed of the light quarks the ρ is dominating over
the ω. Indeed, since the dilepton radiation from a fireball is proportional to Γl+l−/γτFB the most
dominant role plays the short-lived ρ meson with the largest leptonic decay width (see Tab. 1).
For M > 1.5 GeV/c2 the ratio approaches Rpart., consistent with the result of perturbative
QCD (cf. Eq. 62).
The most general expression for the emissivity of QCD matter is given by a 8-fold differential
rate per four momentum and four volume unit
dR
d4qd4x
= −α
2
pi3
L(M2)
M2
Im Πem(M, q, T, µb) f
B(q0, T ) (69)
where now the spectral function, defined by the imaginary part of the current-current correlator
Im Πem, is used. The latter is defined in analogy to the hadronic tensor (see Eq. 59) as correlation
function of the vector currents defined above
Πµν(q) = i
∫
d4xeiqxθ(x0) < Ω|[jµ(x), jν(0)]|Ω > (70)
with |Ω > characterizing the medium.
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Using strict VDM the spectral function in the hadronic phase can be expressed in terms of
the vector meson retarded propagators DV as
Im Πhad.em =
∑
V=ρ,ω,φ
(
m2V
gV
)2
ImDV (M) . (71)
The spectral function is weighted by the Bose factor fB(q0, T ) which takes care of the thermal
“bath” from which the dileptons are radiated. The term 1/M2 is the free (virtual) photon
propagator and the quantity
L(M2) =
(
1 +
2m2
M2
)√
1− 4m
2
`
M2
(72)
is the dilepton phase space factor . This is an important result. Keeping in mind that the
dominant vector current is Jρ, the thermal dilepton rate in the LMR is essentially determined
by the ρ propagator. In vacuum, the latter is dominated by the pion loop which gives rise
to the dominant decay channel into a pair of charged pions. The time-reversed process is the
formation of a ρ meson through pi+ pi− fusion. It is hence conceivable that the dilepton radiation
from a hot hadron gas, in which pionic states dominate (cf. Fig. 2), is essentially propelled by
pion annihilation. On the other hand, pions directly link to the Spontaneous Chiral Symmetry
Breaking ( SχBS) as they constitute the respective Goldstone modes. Possible consequences for
the spectral distribution of dileptons emitted from a hot hadron gas are discussed in Sec. 4.1.1
further below.
The vector correlator for a partonic phase using can be calculated with perturbative QCD as
Im Πpart.em = Nc
∑
u,d,s,c
M2
12pi
(e2q)
(
1 +
αs(M)
pi
+ ...
)
(73)
which collapses into Rpart. for large enough invariant masses M such that asymptotic freedom is
reached. The perturbative expression can be used to estimate the lowest order qq¯ annihilation
rates in IMR (see [150]). However, as already discussed above, the calculations using hard-
thermal-loop corrections provide rates larger by one order of magnitude than the estimates
obtained with one-loop approximation [145]. Similar results for dilepton radiation rates have also
been obtained in recent coarse grained [76, 151] and by fireball models [152, 153] using lattice
QCD results (for µb = 0) for the vector spectral functions above Tpc. One should note that
effects of in-medium hadronic spectral function, as we will discuss them below, are suppressed
in this mass region by T 2/M2 [152].
The quantities Πem(M)
had. and Πpart.em for the hadronic and partonic phase, respectively dom-
inate distinct regions in the invariant mass spectrum. The LMR is governed by the ρ propagator
and is as such sensitive to possible modification of the ρ spectral function in the medium. The
IMR, in contrast, shows a smooth exponential decay solely determined by the temperature of
the partonic medium. The reason is that the constituents are elementary particles. A particular
role is played by the transition region between LMR and IMR, i.e. the mass range between 1 and
1.5 GeV/c2. This region is indicated in Fig. 8 by wide dip before the ratio approaches Rpart..
In hadronic phase it is characterized by multi-pion processes but can also be understood as the
transition regime between partonic and hadronic degrees of freedom, a phenomenon known as
quark-hadron duality [148]. An important multi-pion process occurring in a dense fireball is the
mixing of ρ and a1 states through pion dressing piρ  a1 Hence, this region the ideal place to
search for signs of a partial restoration of chiral symmetry in a hot and dense hadronic medium,
where spectral functions of both mesons are expected merge together (see next chapter). Yet
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another aspect of thermal emission is the degree of polarization of the virtual photons. It has
been pointed out that leptons emitted from a thermalized QGP show polarization effects as a
result of the non-uniform momentum distributions like Bjorken-flow [154]. Recently, detailed cal-
culations have been carried out to quantify the polarization signal assuming different production
mechanisms. Generalized spectral functions for dilepton emission out of an locally anisotropic
plasma have been derived in [155]. The emission through both processes, qq¯ annihilation in a
QGP and pipi annihilation in a hadron gas has been studied in [37] including collective expansion
and quantum statistics. The calculations show that indeed effects of a few percent modulation
of the lepton angular distribution are to be expected, surprisingly already for emission out of a
static source depending on the virtual photon transverse momentum, the invariant mass and the
flow. The reason is that the lepton momenta from the thermal distributions combined to form
a dilepton of given four-momentum are constrained by energy-momentum conservation. Hence,
only a sub-region of the two-particle phase space is contributing thus breaking isotropy. It was
found that ideally isotropic distributions are obtained only close the threshold (for example 2
pion mass for the pion annihilation) and in the limit of large momenta and invariant mass (Boltz-
mann distributions). Yet, the effects are much smaller than for elementary processes, i.e. for
production of dileptons annihilation processes in vacuum (cf. Sec. 4.1).
4.5. Vector mesons and chiral symmetry restoration
Chiral symmetry is a fundamental symmetry of the strong interaction in the limit of massless
quarks. In nature, it is an approximate symmetry and is best justified for SU(2) flavor symmetry
because current masses of u and d quarks amount to about md ' mu ' 5 MeV/c2 and are
hence small against the hadronic mass scale. The symmetry refers to the invariance of the QCD
Lagrangian under global vector and axial-vector transformations of quark wave functions in the
flavor space. It is equivalent to the conservation of the chirality components (left and right) of
quark wave functions under the influence of the strong force. In the QCD vacuum, the chiral
symmetry is spontaneously (dynamically) broken (χSB) due to gluon self interactions leading
to the appearance of antiquark-quark and gluon-gluon condensates (for recent reviews of this
subject we refer the reader to [157, 158]). Important consequences of χSB are: the appearance
of a mass splitting of parity partners (for example the mass difference between the ρ and a1 is
almost 500 MeV/c2) and the appearance of Goldstone bosons (in SU(2) pions) with properties
linked to the expectation value of quark condensates and to the quark mass. The latter is given
by the Gell-Mann, Oakes, Renner (GOR) relation [159]:
m2pif
2
pi = −
mu +md
2
〈q¯q〉 ,
with the pion decay constant fpi ' 92.4 MeV and the expectation value of the scalar two-quark
condensate 〈q¯q〉 ' (−240 MeV)3. Lattice results show that 〈q¯q〉 departs from its vacuum value at
finite temperatures and finally approaches zero when the pseudo-critical temperature Tpc ' 158
is surpassed [34]. The evolution of 〈q¯q〉 at non-vanishing baryon densities is not directly accessible
by lattice calculations due to the sign problem. Various techniques have been applied to extend
lattice calculations into the region of finite µB like Taylor expansion or using imaginary chemical
potentials and respective results will certainly appear soon.
An early result on the in-medium expectation value of the chiral condensate was obtained
from calculations based on the Nambu and Jona-Lasino model [160]. A feature of this result is a
linear depletion as a function of increasing net-baryon density at low temperature, while a more
sudden drop is observed along the temperature axis at around kT 'Mpi (i.e. for zero net-baryon
density). The approximately linear depletion as a function of density can be understood as being
due to the reduced chiral condensate in the interior of baryons, a fact which is encoded in the
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nucleon sigma term and was first obtained in low density approximation [161]. More recent
calculations in the context of chiral perturbation theory do not support a vanishing condensate
with increasing baryon density, essentially because of the hard-core repulsion in the nucleon-
nucleon interaction, which enters as a parameter into the calculation [162]. Unfortunately, a
direct measurement of the condensate value is not possible but it is conceivable that changes
in the vacuum properties driven by temperature and/or density are reflected by changes in the
hadron spectrum. In the context of dilepton production it is important to discuss the connection
between vector mesons and χSB. The light vector mesons can be considered as the lowest order
〈q¯q〉 vector excitations of the QCD vacuum and are consequently connected to its properties. For
example, a relation linking the ρ meson mass with the decay constant of the pion, the Goldstone
boson of χSB, has been derived from current algebra [163] as
mρ =
√
2 gV fpi ,
where the universal coupling constant of VDM gV is given in Tab. 1. Hence, it is appealing to
assume that changes of the order parameters of χSB are reflected in modification of the vector
meson properties like their masses or/and widths. QCD sum rules (QCDSR) provide such non-
trivial correlations resulting from dispersion relations connecting the energy weighted integral of
the imaginary part of vector current-current correlator (i.e. spectral function see eq. 71) with an
Operator Product Expansion (OPE) (for review see [157]. The latter is calculated in the space-
like regime and contains terms obtained from pQCD and terms containing the expectation values
of local operators, the condensates. In order to enhance the low energy part of the integrand in
the dispersion relation, relevant for the low mass vector mesons, the weighting function is chosen
as a Borel transformation with a Borel Mass (M) being a parameter of the expansion. QCDSRs
have been worked out most extensively for the ρ meson because of its prime importance for
dilepton spectroscopy. The respective relation reads as follows:
1
piM2
∫
ds Im Π(s)e−s/M
2
=
1
8pi2
(
1 +
αs
pi
)
+
1
M4
(
mq 〈q¯q〉+A
〈
G2
〉
+BmNa2ρN
)
(74)
− 1
M6
(
C
〈
OV4
〉
+Dm3Na4ρN
)
+O
(
1
M8
)
,
where the A,B,C,D are numerical constants,
〈
G2
〉
,
〈
OV4
〉
are the expectation values of the
gluon and the four-quark condensates, respectively. The terms containing a2 and a4 stem from a
non-scalar higher twist-2 condensate and are related to moments of parton distribution functions
(for details see [157]). The numerical analysis of the terms on the right hand side of Eq. 75 has
been performed for finite densities and shows that the most important contributions originate
from the gluon, the four-quark and the a2 term, with the explicit dependence on the density
(ρN ). One should emphasize, however, that not all terms break chiral symmetry. The term
containing a2 is significant as well for the vacuum as for the in-medium case but does not
break the chiral symmetry. Similarly, the gluon condensate provides a important contribution to
the meson vacuum spectral distribution but is also symmetric w.r.t. chiral transformation and
depends only weakly on the density (at least in the investigated low density limit (ρn < 1.5 ρ0)).
Properties of the four-quark condensate are known with much less precision but estimations show
that its numerical value is significant. The 〈O4〉 contribution for the ρ meson can be separated
into two parts: a symmetric and odd one, with respect to the chiral transformation. It can be
estimated for vacuum from the combined analysis of the spectral distributions of the ρ and its
chiral partner a1, which are precisely known from τ decays [164, 165]. On the other hand, the
two-quark condensate, which is the order parameters of the χSB, does not play the paramount
role because of the smallness of the light current quark mass appearing as a scaling parameter
40
in the operator expansions. Nevertheless, it may contribute indirectly since for the evaluation of
the four-quark condensate it is routinely assumed that a factorization scheme works for which
the expectation value of the four-quark condensate is simply taken to be the product of the two-
quark condensates (as for example applied in the above mentioned analysis of the ρ,a1 vacuum
spectral functions).
Despite the large uncertainties in the knowledge of the four-quark condensate, the analysis
of QCDSR, presented in [157], predict significant in medium-modifications to both the mass and
the width of ρ meson. In more detail, it does not provide independent information on both nor a
stringent relationship between the two properties but rather a broad corridor of allowed masses
and widths of the meson and the density. One should emphasize that in this analysis the spectral
function of the ρ was assumed to be a of Breit-Wigner type. Furthermore, different scenarios
for the estimation of the four quark condensate contribution have been worked out: (i) using
aforementioned factorization scheme and modifications of the two-quark condensate according to
the low density approximation, (ii) the factorization and the two-quark condensate modifications
but only for the part with chirally odd terms and (iii) no modification in both types of terms.
All scenarios reveal significant modifications of the OPE value w.r.t. vacuum with the largest
effect obtained for the case (ii). In other words, QCDSR predict significant changes of mass
and widths (or both at the same time). As already pointed-out, only part of the effect can be
attributed to the modification of the terms breaking χS. This results provides a slightly different
picture as compared to the earlier calculations of [167]. In the latter, a shift of the vector meson
pole mass in medium was obtained along the suggestion made by Brown and Rho based on QCD
scale invariance and predicting the scaling law [166]
M∗V
MV
∼ f
∗
pi
fpi
=
( 〈q¯q〉∗
〈q¯q〉
)1/3
, (75)
where the asterisk denotes in-medium values. The predicted effect is now understood as a conse-
quence of the applied factorization scheme for the four-quark condensate, mentioned above, and
the assumption of δ function for the ρ meson spectral distribution assumed in the calculations.
It is worth to mention that this original conjecture triggered enormous experimental activities
focused on investigations of in-medium properties of vector mesons, also in cold nuclear matter.
A more direct connection between the properties of hadronic spectral functions and the
order parameters for the chiral symmetry breaking is provided by inspection of the Weinberg
sum rules (WSR). These sum rules relate weighted moments of the spectral distributions of the
parity doublets, ρ and a1, directly with the respective order parameters of χSB:∫
ds s−1
(
DV (s)−DA(s)) = f2pi , (76)∫
ds
(
DV (s)−DA(s)) = f2pimq = −2mq < q¯q > , (77)∫
ds s
(
DV (s)−DA(s)) = −2piαsOSB4 . (78)
(79)
The first two sum rules were derived by Weinberg [168], while the third one has been added
by the Lastly, Kapusta and Shuryak [169]. In the latter sum rule OSB4 stands for the chirally
odd combination of four-quark condensates in the vector and the axial channels. For example,
using the first sum rule and assuming δ function for the ρ meson, the relation between the a1
and ρ masses ma1 =
√
2mρ has been derived [168]. As already pointed-out above, the spectral
distributions of the vector and axial-vector states are very well known in vacuum from the τ
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decays into odd (even) number of pions τ → ντ (2n + 1)(2n)pi. They provide the reference for
the study of the QCDSR and WSR in vacuum and were shown to be satisfied within a few
percent if, in addition to the dominant ρ and a1, contributions from excited states (a
′
1, ρ
′) and
the continuum are included in the respective vector and axial-vector spectral distributions [165].
Similar studies were also performed in [164] and [170].
A formulation of sum rules expected at finite temperatures was first obtained in [169] and
more recently also in [170, 172]. Experimentally, the in-medium spectral function of the ρ meson
is accessible by dilepton spectroscopy. The results of various heavy ion experiments, that will be
presented in Sec. 5.3, provide convincing evidence for its substantial modifications in dense and
hot nuclear matter. Hence, low-mass dilepton data provide a valuable constraints for theoretical
models. Up to now, no complementary experimental information on the in-medium a1 spectral
function is available. Nevertheless, the detailed understanding of the vector meson spectral
function alone together with constraints imposed by the WSR and QCDSR sum rules provide
already very valuable insight to chiral restoration effects on hadronic spectra. This has been
demonstrated by Hohler and Rapp [172] in an analysis using the spectral function of the ρ meson
calculated with hadronic models [148, 153], described in more details in the next section. The
calculations allows to establish the full evolution of the vector spectral function as function of the
temperature and the baryo-chemical potential. Using these spectral functions and a temperature
dependence of the condensates as defined in the right hand side of Eq. 75, obtained from thermal
lattice QCD calculation for µb = 0, and assuming otherwise a hadron gas equation-of-state as
the input, QCDSR were calculated for vanishing chemical potential. The result shows that the
sum rules are satisfied within few percent, which is already a non-trivial result. In the next step,
the evolution of the axial vector spectral function has been calculated requesting conservation
of the QCDSR and WSR. The axial spectral function was modeled in the calculations by a1
with a Breit-Wigner distribution with variable peak position and a width and a continuum
contributions representing vector-axial vector mixing. The calculation demonstrate, see Fig. 9,
gradual reduction of the a1 mass and an increasing width of the Breit-Wigner peak, while the
ρ mass stays nearly constant but the width is increasing as well with a shoulder appearing on
the low-mass side of the distribution (see for details fig.3 in [172]). The obtained behavior shows
that the spectral functions of vector-axial chiral partners become degenerate at T = Tpc , as
expected for the chiral symmetry restoration.
4.6. In-medium spectral function in microscopic models
Most of the models addressing in-medium hadron properties focus on vector mesons and in
particular the short-lived ρ, which is ideally suited for experiments with dileptons. For compre-
hensive overview on this topic we refer to excellent dedicated works [148], [157]). Below we want
to shortly summarize the most important conclusions obtained from various hadronic models
with emphasis on the model worked out by Rapp and Wambach, commonly used for compar-
isons with results from Heavy Ion collisions. The model incorporates achievements worked-out
by many other authors, which we briefly discuss below (for details see [148, 153]). The calcu-
lations in hadronic models are based on effective hadronic Lagrangians of ρ interactions with
mesons and baryons with vertices and coupling constants constrained by available experimental
data. Among them are: results on vector meson production in pion induced and photon induced
reactions, photo-absorption and available decay widths of resonances to vector meson channels.
Medium effects on the mesons self energy are then obtained using many body theory. For exam-
ple, the main effects on the in-medium spectral function of ρ meson are given via modifications
of the pion loop in the ρ meson self-energy term and via the direct interactions of ρ meson with a
resonance-nucleon hole (ρ−BN−1) and mesonic (ρ−M) states. The ρ−BN−1 interactions are
governed by baryonic resonances (including also hyperons) with significant couplings to (ρ,N)
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FIG. 3: Finite-temperature vector (black curve) and axialvector (red curve) spectral functions.
referred to as a d-value. The same procedure and Borel
window criteria as for the vacuum analysis in Ref. [21]
are adopted. A d-value of below 1% has been argued to
reasonably bracket remaining uncertainties in the match-
ing procedure [39]; we adopt this as our figure of merit
in both A and V channels below.
To evaluate the WSRs, we define a similar measure of
deviation between the two sides as
dWSR =
LHS− RHS
RHS
. (25)
This measure is much simpler than the QCDSR analog
because it does not involve any Borel window. However,
it also has its subtleties. The integrands of the LHS of
each WSR are oscillatory functions with appreciable can-
celations to yield the RHS (cf. Fig. 2 in Ref. [21]), espe-
cially for the higher moments. Since we only use a finite
number of moments (3), this could, in principle, lead to
“fine-tuned solutions” to the WSRs where the oscilla-
tions are still large, and thus ρV (s) 6= ρA(s) even close
to restoration. To probe this behavior (and thus the sen-
T [MeV] 0 100 140 150 160 170
dV (%) 0.59 0.43 0.44 0.49 0.57 0.67
dA(%) 0.49 0.48 0.56 0.59 0.55 0.56
dWSR1(%) ∼ 0 0.003 0.04 0.04 -0.004 0.004
dWSR2(%) ∼ 0 -0.0002 -0.0008 -0.002 -0.0003 -0.005
dWSR3(%) 200 181 258 372 585 11600
r−1 1 0.96 0.72 0.57 0.37 0.14
r0 1 0.93 0.66 0.50 0.31 0.12
r1 1 0.91 0.64 0.50 0.32 0.15
TABLE II: Summary of deviation measures for QCDSRs (up-
per 2 lines) and WSRs (lower 6 lines) at finite temperature.
sitivity to any “artificial” fine tuning), we introduce an
“absolute-value” version of the LHS by
w˜n(T ) ≡
∫ ∞
0
ds sn |∆ρ(s;T )| . (26)
Though these moments are not directly related to chiral
order parameters, they should diminish toward restora-
tion. We define pertinent ratios rn = w˜n(T )/w˜n(T = 0).
Our analysis proceeds as follows. We first evaluate the
QCDSR for the vector channel. With a small reduction
in the vector dominance coupling, we find acceptable dV
values ranging from 0.43% to 0.67% for all T=0-170MeV
(cf. Tab II). This is a nontrivial result by itself. For
the axialvector channel, the QCDSRs and two WSRs are
used simultaneously to search for in-medium a1 parame-
ters which minimize
f = d2WSR1 + d
2
WSR2 + d
2
A , (27)
while requiring a smooth T dependence. The thus ob-
tained finite-T axialvector spectral functions are shown
in Fig. 3. For all cases, the percentage deviation of WSR-
1 and WSR-2 is below 0.1%, and dA remains below 0.6%.
Deviations of WSR-3 are much larger, but comparable to
the vacuum up to T≃150MeV. At T=160 and especially
170MeV, the magnitude of the RHSs is small and enters
into the denominator of dWSR, thus greatly magnifying
residual deviations. The rn measures decrease monoton-
ically with T suggesting acceptable deviations even for
WSR-3. We therefore conclude that our spectral func-
tions are compatible with both QCDSRs and WSRs.
To probe the uncertainties in our method, we depict
in Fig. 4 ranges of axialvector spectral functions with
relaxed constraints, at an intermediate temperature of
T=150MeV. The dashed lines border a regime of spectral
functions which are obtained by only requiring dA=1%
for the axialvector QCDSR (the band could be larger if all
Figure 9: Evolution of vector(black) and axial-vector (red) spectral functions with temperature towards critical
temperature [172] )
final states. The pion loop is modified by interactions of the off-shell pions with nucleons forming
i.e. ∆-hole states while interactions with mesons include resonances with significant branching
to the ρ − pi like i.e. the ω, the a1(1260) and the h1(1170) states. With the help of Eq. 71 the
in-medium propagator of ρ meson can thus be written as
Dρ =
1
M2 − (m0ρ)2 − Σρpipi − ΣρM − ΣρB
, (80)
where the individual self energy terms in the denominator reflect the different coupling schemes
used in the calculation (M = mesons, B = baryon). The modification of the ρ meson via a
dressing of the pion loops were calculated in [173], [174],[175], [176] within the framework of the
∆-hole m del and generally l ads t the increase of the meson width. The interactions with
b ryon resonanc s modify also the mass distribution and produce additional structures. The
interactions with higher mass baryon resonances were first considered for cold nuclear matter in
[177] and were limited to P -wave ρ−N states. Later, the calculations were extended to S-wave
states [178] thus elucidating the important role played by the low mass N∗ (D13(1520)) and
∆∗ (S31(1620), S33(1700)) resonances. In particular strong effects on the ρ spectral function for
small relative momentum of the vector meson w.r.t. the medium (p ' 0) were observed. The
momentum dependence of the ρ − N coupling was further studied in [179] by accounting also
for relativistic effects. The work confirmed the important role of S-wave resonances extended
the study to the ω meson [180, 181], where a significant broadening of its spectral function,
associated with appearance of low mass tail, was found. The latter is due to strong off-shell
coupling of the meson to S11(1535) resonance.
The extension of the hadronic models to account for the interactions of higher mass resonances
and interactions with anti-baryons produced in the fireball was also included in the model cal-
culation of Rapp and Wambach. The calculated spectral function has been parameterized as a
function of baryon densities (or baryo-chemical potential) and temperature and applied i th
emissivity formula for dilepton calculations. The imaginary par of th in-me ium ρ propagator
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Fig. 2. (Color online.) In-medium spectral functions of ρ (upper panel), ω (middle panel) and φ (lower
panel) under conditions representative for the time evolution of heavy-ion collisions at full SPS energy:
(μN ,μπ ,μK,T ) [MeV] = (232,0,0,175), (331,39,62,150), (449,79,136,120) and vacuum for the dotted, short–
dashed, long-dashed and solid lines, respectively.
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Fig. 2. (Color online.) In-medium spectral functions of ρ (upper panel), ω (middle panel) and φ (lower
panel) under conditions representative for the time evolution of heavy-ion collisions at full SPS energy:
(μN ,μπ ,μK,T ) [MeV] = (232,0,0,175), (331,39,62,150), (449,79,136,120) and vacuum for the dotted, short–
dashed, long-dashed and solid lines, respectively.
Figure 10: In-medium spectral functions of ρ (left) and ω (right) for sets of µb, T representative for the evolution
of the fireball in heavy-ion collisions at around 160 A GeV (SPS full energy) [153] Four variants are shown
(T/ MeV, µB/ MeV): vacuum (0, b), (120, 449), (150, 331) and (175, 232) (labeled by the respective temperature
only). Note that the case of highest temperature clearly reflects a condition where likely a partonic medium is
realized.
is depicted in Fig. 10 (left panel) for the selected intensive quantities as characteristics for the
evolution of the fireball in heavy-ion collision at full SPS energy. The ρ−BN−1 loops, especially
including low-mass baryonic ∆∗ and N∗ resonances, are responsible for a substantial distortion
of the ρ meson spectral distribution towards lower masses. A strong broadening of the spectral
distribution occurs and features a characteristic emergence of a second bump on the low-mass
side of the resonance pole as the baryon densities increases. This structure can be understood
as “bound” ρ mesons due to the direct coupling of the ρ to a baryon resonance-hole state. The
respective in-medium modification of the ω meson is shown in the right anel which do s ot
show a distinct second bump.
As we discussed in previous section a scenario for the evolution of the in-medium a1 spectral
has been computed in [172]. This work demonstrates that the mass splitting of the two chiral
partners can vanish close to the chiral pseudo-critical temperature Tpc. Indeed, both spectral
functions significantly broaden and finally overlap. The same calculations also shows a reduction
of the pion decay constant fpi, in line with the expected pattern of a restoration of spontaneously
broken chiral symmetry. This important observation (although limited to the region of vanishing
chemical potential) provides a strong hint that calculated mass modification of the ρ meson
are consistent with the scenario of chiral symmetry restoration around Tpc. The vector axial-
vector mixing (a1/ρ) is an interesting effect which can be studied in dilepton spectra above 1
GeV/c2. The corresponding rate is given by the vector correlator which can be expressed at
finite temperature by mixing of the vector and axial vacuum correlators. It has been first worked
out in [183] in the chiral limit (mpi = 0):
ΠVµν(q, t) = (1− )ΠVµν(q, 0) + ΠAµν(q, 0) (81)
with a mixing parameter  determined via the loop integral  = 2f2pi
∫
d3k
2pi3ωk
fpi(ωk;T ) (ω is on-shell
pion energy). For  = 1/2 (T = Tpc) vector and axial-vector spectral distributions completely
overlaps signaling chiral-symmetry restoration (see Fig.9). For  < 1/2 the axial admixture fills
the dip in the the 1−1.5 GeV/c2mass region. More elaborate considerations including finite pion
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mass and momentum in the axial vector correlator and a non-vanishing pion chemical potential
were worked out in [184, 153].
4.7. Mass modifications in transport codes
A full quantum field theoretical treatment of the one-particle information of an interacting
many-body system out of equilibrium is provided by the Kadanoff-Baym equations ([10]). By
regarding one-particle Greens functions the many body aspects of the problem are taken care of
through proper self-energies of the states and their virtuality is consistently treated in the time
evolution. The concept of nonequilibrium Greens functions has been generalized to relativistic
field theories in [185, 186, 187].
Under some conditions, the Kadanoff-Baym equations can be reduced to a semi-classical
treatment describing the time-evolution of the Wigner transform of the system by the Boltz-
mann equations. The semi-classical transport theory emerges from the Kadanoff-Baym equa-
tions requiring smooth changes of the internal variables. Three characteristic time scales can
be inspected to assess the validity of the simplification which is considered justified if the sep-
aration between the time scales exists with τint. < τcoll. < τbulk. Here τint. refers to the range
of the interaction between two constituents and the time it takes the collision partners need to
reach asymptotic states. The typical time between two subsequent collisions is denoted by τcoll.
and defines the dilute gas limit if τint. << τcoll. is fulfilled. The time scale over which the bulk
properties like density or shape of the many body system changes (hydro time scale) is given by
τbulk. Indeed, the ratio τint./τcoll. serves as an expansion parameter and the first order is treated
to arrive at the Boltzmann equations. A consequence of this quasi-particle ansatz is that the
virtuality finally collapses to a delta function and pushes the states on the mass shell.
In the traditional approach to the microscopic transport is to average over the spectral dis-
tribution. This is reasonable if the distribution is sufficiently well localized around the pole mass
that represents the on-shell energy-momentum relation. For heavy-ion collisions, however, there
are many studies that suggest that states with broad spectral distributions should be included
as (propagating) degrees of freedom. States with a long life time in vacuum (i.e. much longer
than the average time between subsequent collisions) or stable particles can experience signifi-
cant collisional broadening if the state is destroyed in a collision. In a dynamical treatment of
off-shell particles it is important to guarantee that particles get back their vacuum properties
before they leave the dense region. Corresponding equations have been suggested by Effenberger
et al. [190]. Therefore, if one wants to propagate resonances or states including a dynamical
width, one has to devise a scheme how to propagate the spectral information that is traditionally
averaged. Conceptually this implies quite a change of the original ideas that lead from quantum
field theory to the traditional transport equations sketched above. Knoll et al. [188] formulated
coarse grained transport equations for states with broad spectral distributions such that the orig-
inal expressions for particle number and energy are still exactly conserved in the coarse grained
theory.
Unfortunately, the transport equations cannot be solved exactly by a test particle method. To
describe states with a broad spectral distribution one needs test particles that can have arbitrary
momenta and masses. The development of Leupold [189] and Cassing/Juchem [191] provided a
justification for the equations for the test particles that were proposed by Effenberger et al. and
formulated coarse grained transport equations that can be solved by test particle methods. A
non-relativistic case was treated by Leupold and scalar relativistic case was treated by Cassing
and Juchem and implemented in the HSD transport (for a recent review [193]). As shown in
the first of these references, the obtained transport equations do not fully conserve the original
particle number and energy. However, it was argued [192], that one can find a modified particle
number for the coarse grained theory that is exactly conserved.
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There are two phenomenological scenarios applied commonly in transport model calculation
to account for the vector meson modifications. The first one assumes a mass shift according to
the Brown-Rho scaling (see Eq. 75) usually parameterized as
M∗(ρN ) =
1
1 + αρN/ρ0
, (82)
where ρN is the local baryon density at the actual decay position (ρ0 is the nuclear ground
state density), α ' 0.16 and the second one takes into account collisional broadening (in natural
units),
Γcoll(M, q, ρN ) = γ ρN < vσ
tot
V N >' αcoll
ρN
ρ0
, (83)
where σtotV N is the total vector meson-nucleon cross section and αcoll. ∝ τ−1coll.. For example, in
the HSD transport model αcoll ' 150 MeV was fixed for the ρ meson and αcoll ' 70 MeV for
the ω [195]. A comparison of these two approaches will be presented in Sec. 6 by comparison of
respective HSD calculations with experimental data.
5. Survey on Experimental Results
5.1. Nucleon-nucleon collisions
We start our survey on experimental results with the discussion of N-N collisions. Dilepton
production in N-N collisions provides an important reference for the interpretation of results
obtained from heavy-ion collisions since they help to constrain dilepton contributions from the
initial and late stage of the reaction. For such small collision systems thermal radiation is
generally not expected to occur. An exception are N-N collisions at collider energies. It has
been observed that in a sub-class of the collisions, featuring high final state charged particle
multiplicities, the event topology clearly exhibits signatures of collective behavior. For all other
cases N-N collisions allow to verify the understanding of “elementary” processes contributing to
the dilepton cocktail which substantially changes in composition as a function of the collision
energy.
5.1.1. RHIC and LHC
We start our review with results from p-p collisions at the top RHIC energy of
√
sNN =
200 GeV GeV. Fig. 11 (left panel) shows dielectron invariant mass distributions measured with
the PHENIX detector [199], covering the mid-rapidity region (| η |< 0.35), in comparison to a
hadronic cocktail composed of the expected sources and spanning over all three mass regions.
Evidently Dalitz decays of pi0, η and ω mesons and two body decays of light vector mesons are
the dominant sources in the LMR. The integral yield originating from these cocktail sources fully
saturates the data up to the φ meson beyond which mesonic contributions break down. Meson
multiplicities needed for the construction of the hadronic cocktail were obtained from fitting
transverse momentum spectra of various mesons with a modified Tsallis function (right panel
of Fig. 11). The respective multiplicities vary little within systematic uncertainties compared
to numbers extracted from the same data using the original Tsallis distribution [200]. Cross
sections were derived by multiplying the fully corrected and integrated differential multiplicity
distributions with the total inelastic cross section taken to be σp pinel. = 42 mb. The differential
cross section for η and ω production were obtained from hadronic and photon decay channels
in the similar way. For unobserved phase space regions mt scaling was assumed to hold and
all cross sections to be constant in the measured ∆η bin (boost invariance). The cross sections
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FIG. 37. (Color online) pT spectra of e+e− pairs in p+p (left) and Au+Au (right) collisions for different mass bins, which are fully
acceptance corrected. Au+Au spectra are divided by Npart/2. The solid curves show the expectations from the sum of the hadronic decay
cocktail and the contribution from charmed mesons. The dashed curves show the sum of the cocktail and charmed meson contributions plus
the contribution from direct photons calculated by converting the photon yield from Fig. 34 to the e+e− pair yield using Eqs. (31) and (B14).
difference increases for the higher mass bins, leading to spectra
lower by ∼10%, 20%, and 30% for the mass bins 0.3 < mee <
0.5 GeV/c2, 0.5 < mee < 0.75 GeV/c2, and 0.81 < mee <
0.99 GeV/c2, respectively, when the random cc¯ correlation is
used.
First we concentrate on the comparison between data
and the sum of cocktail and charm. In the low-pT region
(pT < 1 GeV/c) all the p+p spectra are consistent with the
expectations from the cocktail alone for every mass window.
In the high-pT region, however, the p+p data show a small
excess above the cocktail. The Au+Au data are in agreement
with the cocktail in the mass region mee < 0.1 GeV/c2. In
higher-mass bins the Au+Au data show a large excess both at
low and at high pT .
As discussed in subsection V E, we have extracted the
direct photon yield from the dileptons spectrum in the mass
range of 0.1 < mee < 0.3 GeV/c2. The excess in this mass
range is consistent with internal conversion of direct photons.
As shown in Fig. 32 the direct photon component, which
appears as a constant R, extends to the mee > 0.3 GeV/c2.
Therefore, there should be sizable contribution from direct
photons in the dilepton spectra for mee > 0.3 GeV/c2. The
relation between real direct photons and virtual photons is
presented in Appendix B. Here we use a constant factor
S(mee, q) = 1 to extend the direct photon component to higher
mass (mee > 0.3 GeV/c2). The dashed curves in Fig. 37 show
the sum of the cocktail, charm and direct photon contributions
to the dilepton spectra for pT > 1 GeV/c.
The dashed curves describe the data well for all mass
bins both in the Au+Au and the p+p data. This indicates
that the excess above the cocktail and charm at high pT
(pT > 1 GeV/c) is consistent with the contribution from direct
photons. It is surprising that the agreement holds even for
mee > 0.5 GeV/c2, where significant modifications of the
spectral function may be expected due to the presence of
the vector mesons. However, the data have large statistical
errors for mee > 0.5 GeV/c2 and additional enhancement
over the direct photon contribution is not excluded. The data
at high pT are also consistent with the cocktail alone for
mee > 0.5 GeV/c2.
In the Au+Au data, the enhancement over the cocktail is
approximately a constant factor for pT > 1 GeV/c. It grows
toward low pT . All the Au+Au pT spectra for every mass
bin above 0.3 GeV/c2 seem to indicate that the enhancement
with respect to the cocktail below 1 GeV/c is significantly
larger than above 1 GeV/c. For pT > 1 GeV/c, the data have
a slope similar to the cocktail, as shown by solid curves. For
pT < 1 GeV/c, the slope of the data is much steeper than the
cocktail.
In order to study this change of the slope in the Au+Au data
more quantitatively, we subtract the cocktail plus charm from
the data and examine the shape of the excess. The pT spectra
034911-38
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FIG. 24. (Color onli e) Compilation of meson production cross sections in p+p (left) and Au+Au (right) collisions at √sNN = 200 GeV.
Shown for p+p are data f r neutral [57] and charge pions [58], η [61], kaons [58], ω [62], φ [63], and J/ψ [64]. Shown for Au+Au are data
for neutral [59] and charged pions [60], η [61], kaons [60], ω, φ [65], and J/ψ [66]. The data are compared to the parametrization based on
mT scaling used in our hadron decay generator.
with published PHENIX data. The η mes n is meas red only
at higher pT ; however, in the p+p collisions the fit is in
good agreement with the pT distribution of kaons, which have
similar mass (see discussion below).
In order to extract the meson yield we integrate the fits
over all pT . Results, systema ic unc rtai ies, and r ferences
to data are given in Table VIII and the ratio of the inte-
grated yields meson/π0 are compared for p+p and Au+Au
data. For the ρ meson we assume σρ/σω = 1.15 ± 0.15,
consistent with values found in jet fragmentation [54]. The
η′ yield is scaled to be consistent with jet fragmenta-
tion ση′/ση = 0.15 ± 0.15 [54]. The ψ ′ is adjusted to be
σψ ′/σJ/ψ = 0.14 ± 0.03 [69] in agreement with PHENIX
measurements [70].
TABLE VIII. Hadron r pidity densities us d in our hadron decay generator. For the ω and φ, data from this analysis
were used together with data from the quoted references.
dN
dy
|y=0 Relative uncertainty Meson/π 0 Data used
p+p
π 0 1.065 ± 0.11 10% 1.0 PHENIX [57], [58]
η (1.1 ± 0.3) × 10−1 30% 1.032 × 10−1 PHENIX [61]
ρ (8 9 ± 2.5) × 10−2 28% 8.34 × 10−2 Jet fragmentation [54]
ω (7.8 ± 1.8) × 10−2 23% 7.32 × 10−2 PHENIX [62]
φ (9.0 ± 2.0) × 10−3 24% 8.4 × 10−3 PHENIX [63]
η′ (1.3 ± 0.5) × 10−2 40% 1.27 × 10−2 PHENIX [67]
J/ψ (1.77 ± 0.27) × 10−5 15% 1.66 × 10−5 PHENIX [64]
ψ ′ (2.5 ± 0.7) × 10−6 27% 2.3 × 10−6 PHENIX [69], [70]
Au+Au
π 0 (9.572 ± 0.95) × 10 10% 1.0 PHENIX [59], [60]
η (1.077 ± 0.32) × 10 30% 1.12 × 10−1 PHENIX [61]
ω 8.60 ± 2.8 33% 8.98 × 10−2 PHENIX [68]
ρ 9.88 ± 3.0 30% 1.03 × 10−1 Jet fragmentation [54]
φ 2.05 ± 0.6 30% 2.14 × 10−2 PHENIX [65]
η′ 2.05 ± 0.2 100% 2.15 × 10−2 PHENIX [67] and [54]
J/ψ (1.79 ± 0.26) × 10−3 15% 1.82 × 10−5 PHENIX [66]
ψ ′ (2.6 ± 0.7) × 10−4 27% 2.70 × 10−6 PHENIX [69] and [70]
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Figure 11: Left panel: Inclusive invariant mass distribution of e+e− pairs easure by PHENIX in p-p collisions
at
√
sNN = 200 GeV compared to a cocktail of sources originating from the decay of light hadrons (pi
0, η, η′),
vector meson decay (ρ, ω, φ, J/ψ, ψ′) correlated weak charm (cc¯) and bottom (bb¯) decays, and Drell-Yan scattering
(DY) [199]. The ratio of the data to the cocktail is shown as insert. Respectiv systematic uncertai ties of the
data are depicted as boxes while the unc rtainty on the cocktail is shown as band ro nd unity. Middle panel:
Transverse momentum distributions of dielectrons for various invariant mass bins compared to the expected yield
adding all contributions to the hadronic cocktail. Right anel: Invar ant transverse momentum d stributions of
neutral mesons used as basis for the cocktail calculation. Further explanations in the text.
parameterized in that way were input to the PHENIX decay generator used to derive the re-
spective dielectron yields (hadronic co ktail). The meson decay generator (EXODUS) uses mass
dependent eTFF’s for the meson D litz decays and samples angul r distributions of electrons
w.r.t. the virtual-photon axis as expla e in Sec. 4.1.3. For the two-body decay no polarization
of vector mesons and partial decay widths Γe+e− given by VDM wi h finite width corrections
calculated by Gounaris [201] are as umed. The ρ p oduction is ssumed to proc ed via pion-
pion-annihilation and hence a cut-off in the meson mass distribution towards 2mpi appears. The
measured transverse momentum distributions of dielectrons, shown in the middle panel of Fig. 11
for various invariant mass bins, are well described by the cocktail calculation based on the meson
production cross sections derived as described above and shown as full lines.
Correlated semi-leptonic DD¯ meson decays largely dominate the IMR. The PHENIX collab-
oration extracted the cross section for c¯c production by saturating the experimental dielectron
invariant mass distribution in the IMR and through extrapolation of the theoretical invariant
mass distribution down to zero mass. The cross section obtained this way agrees with calcula-
tions based on perturbative QCD. It is interesting to note that correlated charm decay makes
up a significant contribution to the dilepton spectrum in the LMR already at this energy. The
contribution from Drell-Yan and bottom decays are at least one order of magnitude smaller and
only become relevant in the HMR. Their invariant mass distributions are taken from PYTHIA
calculations with settings reproducing the measured open charm yield. The prominent feature
in the HMR are the peaks from J/ψ and ψ′ decay. The authors observe that the dielectron
transverse momentum distribution simulated on the basis of PYTHIA appears softer than the
measured ones. In summary, the data are very well described in the full mass range by the
calculation assuming free hadron decays only. The results of PHENIX have been confirmed by
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independent measurements and analyses of dielectron emission from p-p collisions by the STAR
collaboration [46].
At LHC, continuum dielectron production in p-p collisions has recently been measured by
the ALICE collaboration at
√
s = 7 and 14 TeV [202, 203]. The hadronic cocktail describing
the LMR and IMR is qualitatively similar to the one extracted at RHIC. The LMR region is
properly described by a hadronic cocktail based on the known cross sections of mesons measured
at LHC. In the IMR, the dielectron yield is given by correlated charm and, to a lesser extend, by
bottom contributions. The relative contributions of charm and bottom decay can be assessed by
inspection of the dielectron transverse momentum distribution as dielectrons from bottom decay
feature a harder spectrum. However, the extracted cross sections show a model-dependence
(factor two difference) depending on which event generator, PYTHIA or FONLL,POWHEG is
used to calculate the phase space distribution of heavy-flavor production.
5.1.2. SPS
Investigation of lepton pair production in p-p and p-A collisions at the SPS started already in
seventies (see [204] for a detailed account). At the beginning most of the experiments claimed to
observe enhancements in the LMR, above the contributions expected from hadronic sources. It
was, however, disproved one decade later by more detailed evaluations of the η Dalitz contribution
which had been underestimated before. The HELIOS-1 experiment [205] measured electron and
muon pairs as well as photons in p + Be collisions at 450 GeV/c (
√
sNN = 29.5 GeV). With
the detection of a photons in coincidence with lepton pairs, the reconstruction of the Dalitz
decay η → `+`−γ became possible and a model independent determination of the respective
contributions to the dilepton spectra was obtained. This was an important breakthrough since
upper limits for a possible existence of ”unconventional” sources in the η mass region had been
reported. The upper limit of a possible unconventional contribution to the LMR dielectron
yield was further reduced to at maximum of 23% in an experiment by the CERES collaboration
investigating p + mathrmBe at 450 GeV/c [206]. The main source of systematic uncertainty
which remained was the ω meson eTFF. Recently this uncertainty has been significantly reduced
by the dimuon measurements of the NA60 collaboration using a 400 GeV proton beam on nuclear
targets (Be, Cu, In, W, Pb and U ) [88, 207]. Fig. 12 shows the respective dimuon invariant
mass distribution after combinatorial background subtraction in comparison to a cocktail of free
(vacuum) hadron decays. The important outcome of the NA60 analysis is the determination
of the individual components, based on an iterative procedure making use of the measured
inclusive data (mass and transverse momenta) only. This became possible due to the eminent
statistics of the collected data and the high precision of the spectrometer. In the first step of
the analysis the yields due to direct dilepton decays of the ω and φ mesons were determined by
fitting the respective peaks using line shapes known from simulation of the detector response.
The remaining yield was modeled using invariant mass distributions for the Dalitz decay sources
based on eTFF’s of the form given in Eq. 48 (cf. Sec. 4.1.3 and Tab. 2)). The sum of these sources
provides a good description of the total yield and leaves little ambiguity in the determination
of the vector meson contributions. The narrow vector mesons were then subtracted and the
remaining yield was corrected for acceptance (right panel).
In order to account for the acceptance effects, the detector response was simulated using
extracted meson transverse mass distributions [207]. The resulting spectrum was then fit a
second time allowing variation of the three overall normalizations for η, ρ, ω and the two shape
parameters (Λη/ω) controlling the eTTF’s. The angular distributions of electrons emitted in the
Dalitz decays of the pseudo-scalar and vector mesons (cf. Sec. 4.1.3) were also included in the
calculations. The correlated charm contribution, dominating the mass spectrum above the φ
mass, was calculated using the PYTHIA string fragmentation model. In that way the eTFF’s
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direct (same-event) muon pair sample (containing no signal from 
correlated pairs at the SPS energies). The background accounts for 
less than 10% of the integrated mass spectrum below 1.4 GeV/c2. 
The comparison between the mixed and real samples, in turn, 
gives an average uncertainty of 10% at most, for both the (++)
and the (−−) components; because of the low absolute level of 
the background and because of its smooth mass profile, this un-
certainty hardly affects the results.
The background from fake track matches, which arises at high 
multiplicities from the association of a muon track to more than 
one track in the vertex spectrometer with an acceptable matching 
χ2, is significantly lower than the combinatorial background. Its 
contribution is negligible in the proton–nucleus data — being in 
any case taken into account by the overlay Monte Carlo technique 
adopted for the simulations, see below. The top panel of Fig. 1
shows the final μ+μ− mass spectrum together with the combina-
torial background evaluated as described above.
The electromagnetic decays of the light, neutral pseudoscalar 
and vector mesons (η, η′ , ρ , ω and φ) are the dominating pro-
cesses at the lower end of the dimuon mass spectrum (below 
∼1.2 GeV/c2), adding to the continuous spectrum via their Dalitz 
decays and/or giving rise to distinct peaks via their 2-body decays. 
This hadronic decay cocktail was simulated with the NA60 Monte 
Carlo generator Genesis [24]. The input parameters for the kine-
matic distributions of the generated processes have been tuned by 
comparison with the real data, by means of an iterative procedure 
ensuring self-consistency to the analysis.
The rapidity distributions in the centre of mass frame were gen-
erated according to the expression dN/dy ∝ 1/ cosh2(ay), similar 
to a Gaussian of width σ = 0.75/a, where a describes the empirical 
functional mass dependence of the width with values of about 0.5 
and 0.75 at the masses of 0.14 GeV/c2 (π0) and 1 GeV/c2, respec-
tively [24]. This simple parameterisation has been used by several 
experiments, since it describes reasonably well existing measure-
ments.
The transverse momentum spectra used in the simulations are 
extracted from the same p–A data set at 400 GeV on which the 
present paper is based. A preliminary analysis for these measure-
ments has appeared elsewhere [25], showing in fact strong dif-
ferences to the 158 GeV regime. The muon angular distributions 
also entering the simulations are assumed to be isotropic for the 
2-body decays, while the angular anisotropies of the Dalitz decays, 
expected to be the same for the pseudo-scalar (η, η′) and vector 
(ω) mesons [26], are described by the equation [27]
f (θ) = 1+ cos2 θ +
(
2mμ
M
)2
sin2 θ , (1)
where M is the mass of the virtual photon, mμ the mass of the 
muon, and θ the angle between the positive muon and the mo-
mentum of the parent meson in the rest-frame of the virtual 
photon. As was explicitly verified, the form factor data result-
ing from the present analysis actually are, within their statistical 
errors, completely immune towards the character of the angular 
distribution of the Dalitz decays. This is due to the fact that the 
anisotropy of the Dalitz decays is strongly smeared out in the 
laboratory frame and practically does not affect the dimuon ac-
ceptance.
For the mass line shapes of the narrow resonances η, ω and φ, 
we used the modified relativistic Breit–Wigner parameterisation, 
first proposed by G.J. Gounaris and J.J. Sakurai [28], with widths 
and masses taken from the PDG [29]. For the broad ρ meson we 
used the parameterisation [12]
Fig. 1. Top panel: target-integrated raw mass spectrum and combinatorial back-
ground. Bottom panel: target-integrated mass spectrum after subtraction of com-
binatorial background in comparison to the MC hadron cocktail.
dN
dM
∝
√
1− 4m2μ
M2
(
1+ 2m2μ
M2
)(
1− 4m2π
M2
)3/2
(
m2ρ − M2
)2 +m2ρ2ρ(M)
(MT )3/2 e
− MTρ (2)
with a mass dependent width
ρ(M) = 0ρ mρ
M
(
M2/4−m2μ
m2ρ/4−m2μ
)3/2
= 0ρ mρ
M
(
q
q0
)3
. (3)
The muon mass mμ and the pion mass mπ were fixed to the PDG 
values [29], while the value of the pole mass mρ and the temper-
ature Tρ were optimised using the data themselves as discussed 
in Section 3.3. The width 0ρ was set to the PDG value [29]; 
nevertheless, its variation has being considered as a part of the 
systematic tests for the measurement of the ω form factor, see 
Section 3.1.
The dimuon mass distributions of the η and ω Dalitz decays 
are described by
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d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= 2M 2
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2
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(5)
where the π0, η and ω masses r taken from he PDG tables [29]. 
The form factors are expressed in the pole-parameterisation:∣∣∣Fη(M2)∣∣∣2 = (1− M2/2η)−2 , (6)∣∣∣Fω(M2)∣∣∣2 = (1− M2/2ω)−2 , (7)
implying a monotonic rise with divergence at a position not related 
to a pole of any known particle.
The semimuonic simultaneous decays from DD¯ mesons pro-
duce a smooth continuum with a maximum at around 1 GeV/c2. 
They w re simulated with PYTHIA 6.4 [30].
The Monte Carlo simulations were performed using the overlay
technique, which consists of superimposing a Monte Carlo gener-
ated muon pair onto real events, in order to realistically simulate
the underlying hadronic event together with the detector specific 
behaviour. A real event is read, chose  among the reconstruct d 
ata collected by the xperiment, containing a high-mass matched 
dimuon (within the J/ψ mass window) whose vertex is imposed 
to be the origin of the generated muon pair. Alternatively, dimuons 
whose vertex has the z-coordinate determined with an u certainty 
s aller tha  3 mm were also used. T is second choice, applying
weaker conditions on the vertex candidates, has been considered 
for sy tematic checks in the analysi . The mu  pair produced 
in the simulation is tra ked through the NA60 apparatus, using 
GEANT3 [31]. Starting from the ensemble of simulated and real 
hits, the events in which a muon pair gave rise to a trigger were 
reconstructed using the same reconstruction settings used for the 
real data. To make the MC simulation as realistic as possible, the 
MC tracks leave a signal in a given pixel plane with a probability
proportional to the plane efficiency as estimated from the analysis
of the real data.
3. Analysis and results
All the results presented in this paper are obtained through
an iterative analysis of the dimuon mass spectrum, defined as the 
signal resulting after subtraction of the combinatorial background.
The bottom panel of Fig. 1 shows how the μ+μ− mass spectrum 
is described by the hadronic cocktail fit at the last stage of the it-
erative procedure, with all the parameters extracted from the data 
set to their final values.
The fit performed in terms of the superposition of the MC 
processes satisfactorily describes the profile of the observed mass 
spectrum. Any possible ρ/ω interference effect is neglected here,
as will be justified in Section 3.4. The contribution of the Dalitz 
Fig. 2. Fit to the acceptance- and efficiency-corrected mass spectrum relative to the
processes η → μ+μ−γ , ω → μ+μ−π0 and ρ → μ+μ− . The shaded areas indicate
the Kroll–Wada expectations for point-like particles, defined by QED [7].
decay η′ → μ+μ−γ accounts for a very small fraction of the total 
dimuon yield; for this reason, and because of its continuum shape 
having no dominant structure apart from the broad peak at the ρ
mass (due to the contribution of the ρ to the η′ form factor), the 
fit to the reconstructed mass spectrum is not sensitive to this con-
tribution, and the ratio ση′/σω was fixed to 0.12 [24,32]. All the 
other processes have their normalisations free.
3.1. η and ω Dalitz decay transition form factors
The parameters optimised by the fit to the dimuon mass spec-
trum fix the level of each process contributing to the MC cocktail.
Using these normalisations, we now isolate the Dalitz decays of the 
η and ω mesons and the two-body decay of the ρ by subtract-
ing all the other sources. The ρ is retained, even if not directly 
involved in the measure of the electromagnetic form factors, in 
order to better control the systematics related to the small con-
tribution of its low-mass tail in the mass region of interest here
(M < 0.65 GeV/c2). The present analysis thus isolates the Dalitz 
decays of the η and ω mesons by means of an inclusive measure-
ment of the dimuon invariant mass, without the identification of 
the third body. Nonetheless, this approach provides reliable and re-
markably precise results on the transition form factors, thanks to 
the large available statistics, which ensures a good control of the 
competing dimuon sources.
The resulting mass spectrum is corrected for the effects of geo-
metrical acceptance and reconstruction efficiency [33,34]. In order
to do so, we build a correction profile as a function of mass, 
weighting the profiles obtained from the MC simulation for each
of the three processes separately, according to the observed yields 
in each mass bin.
Fig. 2 shows the fit of the acceptance- and efficiency-corrected 
mass spectrum (black triangles) with the superposition of the 
processes η → μ+μ−γ , ω → μ+μ−π0 and ρ → μ+μ− , rep-
resented by the solid lines. In the fit, the three normalisations
are left free (one for each of the line shapes involved) together 
with the parameters −2η and −2ω , contained in the form factors∣∣Fη(M2)∣∣2 and ∣∣Fω(M2)∣∣2.
Several systematic checks have been performed to test the 
stability of the results and estimate their systematic uncertain-
ties, including the contribution from the subtraction of the known
sources from the invariant mass spectrum. They can be sum-
marised as follows: (i) change of the weighted acceptance by vary-
Figu e 12: Di-muon invariant mass istribu ion measured by NA60 for 400 GeV/c p − A collisions in compar-
ison to a cocktail of various sources: (left panel) without acceptance corrections and (right panel) with accep-
tance/efficiency corrections and after subtraction of the two body decays f arr w vector esons [88, 207]. The
effect of a mass dependent eTFF can be seen by co parison of the distributions from respective Dalitz decays
(lines) with predictions assuming point-like particles (filled histogr m).
could be xtracted without exclusive reconstruction of the respective Dalitz decays. The effect
of the mass dependent eTFF’s can be seen in Fig. 12 by comparing the shapes given by the
hatched area (representing decays of point like particles) and the solid line (including the effect
of eTFF’s) plotted separately for both mesons.
Another important outcome of th analysis is the conclusion that cold matter effects on
the spectral distribu ion of he short-lived ρ meson could be neglected in case of NA60. This
can be understood as there is a large rapidity gap between the projectile and target regions at
such high collision energies. Indeed, the acceptance of the NA60 sp ctrometer covers the more
forward rapidity region5, i.e. 3.3 < y < 4.3 for low-p⊥ ρ mesons. On the other hand, strong
m dium effects occur if t e propagating mesons couple to the baryons in the target. Hence,
the region of interest for medium modifications in cold matter is outside the acceptance of the
NA60 spectrometer at upper SPS energies a d consequently the p-A data can b regarded as
a good approximation for N-N collision. T is is further supported by a detaile investig tion
of the accurately m asured ρ meson mass distribution shown in the right panel of Fig. 12 . It
was found that the data is best described by a “vacuum line-shape”, given by Eq. 36, with a
total decay width Γtot = 146± 6 MeV and a density of initial states dNp(M)/dM according t
thermal pion gas with T = 161± 5(stat)± 7(syst) (s e Eq. 36).
5.1.3. BEVALAC/SIS18
Dielectron production in 1-5 GeV N + N ollisions was investigated in the nineties by the
DLS experiment at the BEVALAC [208] and more recently by HADES at SIS18 [126, 209, 210].
In contrast to the situ tion at high energies, where the dilepton cocktail in the LMR is dominated
by neutral meson decays, an important role is played by baryonic sources. Most important are
5For In-In at 158 A GeV yCM = 2.95
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the Dalitz decays of baryonic resonances N∗(∆)→ Ne+e− and nucleon-nucleon bremsstrahlung.
In particular, contributions from ∆ Dalitz decays dominate at beam energies below the η meson
production threshold (Ebeam < 1.25 GeV). The first experimental data on inclusive dielectron
Figure 13: Dielectron Invariant mass distribution from exclusive p pe+e−(left panel) and npe+e− (right panel) at
1.25 GeV in comparison to model calculations [108, 213]. The cocktail contributions are labeled in the following
way: full p-p cocktail including the eTFF description of Ramalho and Pe˜na (∆ Dalitz (R&P)) [118], same
calculation but removing pi0 Dalitz and w/o using an eTFF (QED), yield due to non-resonant bremsstrahlung
(N-N brems.). Likewise for n-p collision displayed in the right panel: full OBE calculation of Shyam and Mosel
[130] w/o pi0 Dalitz (N-N brems (S&M)), full cocktail according to Bashkanov and Clement [214] assuming double
∆ excitation (Total (B&C)), respective contribution of the double excitation (∆ − ∆ > ρ (B&C)), and various
Dalitz contributions separately shown.
production in p-p and p-d collisions in this energy range were provided by the DLS [208] and
several years later also by HADES [126]. A recent comparison of HADES dielectron results to
hadronic cocktails obtained from GiBUU, UrQMD, IQMD and HSD models (for details see [75,
78]) shows a good agreement for p-p collisions. The dominant contributions stem from ∆(1232)
into N(pi0 → e+e−γ), i.e. pi0 Dalitz decay, and from direct N(γ∗ → e+e−) transitions. On the
other hand, the hadronic cocktails show deficits for the n-p (and for the p-d collisions), which
can be considered as a superposition of quasi-free p-p and p-n) in the description of the invariant
mass region towards the kinematic limit.
Various explanations were put forward focusing on specific channels contributing in p-n col-
lisions but being absent in p-p. In particular a stronger bremsstrahlung in case of p-n was
considered as a natural candidate. As already discussed in Sec. 4.2 in p-n collisions charged
pion exchange contributes significantly to the scattering process, a channel, not available in
p p → p p e+e−. In the OBE calculations of [127] and [130] a coherent sum of amplitudes from
non-resonant N-N bremsstrahlung, with graphs including emission from the (internal) meson
exchange line, and a resonant ∆(1232) contribution were considered. The results of the two
calculations, however, differ by about a factor 2− 4, with [130] coming closer to the inclusive di-
electron data [126], in particular towards higher invariant masses. A different phenomenological
approach, based on the successful description of two-pion production in p-p and n-p collisions
via simultaneous excitation of two ∆ isobars ∆∆→ N N ρ→ N N e+e−, was proposed in [214].
Fig. 13 shows a comparison of the HADES dielectron data [108, 213] with the results of the
calculations mentioned above. We focus here on the exclusive channels p p → p p e+e− (left
panel) and the quasi-free scattering n p→ n p e+e− (right panel) that characterize more directly
the relevant channels. The latter has been obtained from p-d collisions by tagging the forward-
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going spectator proton. The dielectron distribution from p-p is very well described considering a
cocktail including pi0 and ∆(1232) Dalitz decays with using a ∆ eTFF from the covariant quark
model [118] in addition to bremsstrahlung derived in the OBE frame work. The effect of the
eTFF is moderate as can bee seen by comparing the full calculation (cocktail) to the ∆ Dalitz
invariant mass distribution obtained assuming a point-like ∆Nγ∗ coupling (cf. Fig. 6 and the
related discussion about the ∆(1232) transition form factor). Also shown in the left panel is the
contribution of non-resonant bremsstrahlung used for the cocktail.
Strikingly, the n-p data exhibits a very different shape above the pi0 pole mass as compared to
p-p data. This can be recognized as an apparent excess above the ∆ Dalitz contribution, which
has here a similar shape like in the p-p case. The excess is almost completely accounted for by
the OBE model of [130] (N-N brems (S&M)). The additional yield can be attributed to virtual
photon emission from the (internal) charged pion line strongly affected by the pion eTFF. On the
other hand, the model calculation assuming ∆-∆ fusion of [214] (∆∆→ ρ (B&C)) also produces
a strong excess and even slightly overestimates the data. The dominance of the ∆ Dalitz contri-
bution in the invariant mass range 0.14 < Me+e− < 0.28 GeV/c
2 is corroborated by the electron
angular distributions in the helicity frame revealing a characteristic (1+B cos2(θl)) distribution
with B = 1.58 ± 0.52 [213], as B ∼ 1 is expected for ∆(1232) Dalitz decay ( cf. Sec. 4.2). The
coefficient changes to B = 0.25 ± 0.35 for the higher mass bin Me+e− > 0.28 GeV/c2. This
can be interpreted as a dominance of the emission from the meson line via an off-shell ρ meson.
Indeed, the anisotropy parameter B extracted in the reference frame with the z axis, fixed to the
direction of the charged pion exchange, becomes slightly negative B = −0.4 ± 0.25 which more
in line with the expected B = −1 for the pion annihilation process (cf. Sec. 4.1.3).
With increasing beam energy, i.e. above 2 GeV, Dalitz decays of the η, higher mass baryon
resonances and the two-body decays of vector mesons start to contribute to the invariant masses
above the pi0 mass [126, 209, 210]. The contribution of baryon resonances is particularly interest-
ing because it is known that ρ mesons couple to several N∗ and ∆∗ resonances [211]. Calculations
based on resonance models describe the ρ meson production as a two-step process with the ex-
citation of baryon resonance which subsequently decays into a ρ meson. The short-lived vector
meson than further decays into a pair of leptons (e+e− or µ+µ−). Such a picture is equivalent
to strict VDM where the resonance-virtual photon coupling is saturated by the ρ. However, as
discussed in Sec. 4.1.3, there is an alternative and more consistent approach to describe such
a production via a Dalitz decay of a baryonic resonance, which coherently adds intermediate
meson states.
In the left panel of Fig. 14 the inclusive dielectron invariant mass distribution for p-p collisions
at 3.5 GeV taken by HADES [210] is presented in comparison to a hadronic cocktail calculated
with the microscopic transport code GiBUU [118]. The yield in the region Me e > 0.5 GeV/c
2 the
calculation can saturate the yield by contributions from decays of various higher-mass baryonic
resonances and the two body decay of the ω meson. The decays of these resonances were modelled
using the already mentioned two-step production mechanism involving intermediate ρ meson
(cf. Sec. 4.1.3). The resulting contributions are shown separately for the N∗(I = 1/2) and
∆∗(I = 3.2) resonances (VMD). The cross sections for the different production channels were
determined from fits to available data on meson production in pion and proton induced reactions
(for details see [75] and references therein). It appears that the obtained parametrization of
the production cross sections can be applied, with slight modifications (for details see [212]), to
model also the exclusive one pion and dielectron production reconstructed from the same data .
The right panel of Fig. 14 shows the respective dielectron invariant mass distribution for
the exclusive p p e+e− final state. The data are compared to two different scenarios assumed
in the modelling of R → N e+e− transition. While the dashed line represents the expected
contribution for the transition with constant eTFF (i.e. no mass dependent form factors – ”QED”
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Fig. 11. ppe+e− final state: pe+e− missing mass (left), dielectron (middle) and pe+e− (right) invariant mass distributions
compared to the simulation result assuming a point-like RNγ∗ coupling (“QED-model”). The invariant mass distributions have
been obtained for events inside the indicated window (vertical dashed lines in the left panel) on the pe+e− missing mass. The
hatched area indicates the model errors (for more details see text). Number of counts is per mass bin width.
In order to account for events with Mpe
+e−
miss > Mp the
final states p∆+,0pi0,+, pp(n)ηpi0,+ were included in the
simulations. Channels with two and more pions were omit-
ted because of negligible contributions caused by smaller
cross section and the small HADES acceptance for the
very forward emitted protons. As one can see, a very good
description of the pe+e− missing mass distribution could
be achieved with all the sources mentioned above, except
for the yield in the proton missing-mass peak itself. It is
important to note that the background under the proton
peak, related to final states other than ppe+e−, is smaller
than 6%. In particular, channels including the η → e+e−γ
decay are strongly suppressed.
The middle part of fig. 11 displays the e+e− invariant
mass distribution for the events within the pe+e− miss-
ing mass window, shown by the vertical dashed lines in
the left pannel. It is compared to the simulation including
dielectron sources originating from the baryon resonance
decays and the two-body meson ρ, ω → e+e− decays. As
one can see, a very good agreement in the vector mass
pole is achieved. Since the exclusive production cross sec-
tion of vector mesons at this energy are rather well known,
the agreement confirms that the normalization and the
simulations of the HADES acceptance and reconstruction
efficiencies are under control. On the other hand, an ex-
cess of the contributions from the baryon resonances is
clearly visible below the vector meson pole. The effect
is obviously related to the apparent excess in the proton
missing-mass window. This is, however, not a surprise be-
cause one expects contributions from off-shell couplings of
the resonances to the vector mesons. As discussed above,
it is expected that such couplings modify the respective
eTFF which were assumed to be constant in the simu-
lations. Therefore, the observed enhancement below the
vector mass pole can be interpreted as a fingerprint of the
anticipated contribution.
The hatched area presents the model error on the di-
electron conversion yields related to the discussed ambi-
guities of the resonance assignments. Apart from the res-
onance production cross sections, the overlapping states
differ also in the branching ratios for the Dalitz decay
(see tables 1 and 2). However, the effect on the pair yield
(hatched area) turns out to be rather moderate. This is
because the relative variation of the pair yield due to
changes in the resonance production cross sections is com-
pensated by the respective changes in the branching ratios
for the dielectron conversion. Consequently, one can con-
clude that the excess above the calculated yield cannot
be explained by another choice of the resonances in our
calculations. The substantially different shape of the ex-
perimental invariant mass distribution, as compared to the
simulation, indicates also the importance of the off-shell
vector couplings.
This conclusion seems to be corroborated by the com-
parison of the pe+e− invariant mass distribution with the
simulation, displayed in fig. 11 (right), which shows that
the excess is indeed located around the N(1520) resonance
known to have a sizable decay branch to the ρ meson.
5.2 Comparisons to models assuming a “full”
resonance-ρ coupling scheme
In this subsection we present a comparison of the e+e−
and pe+e− invariant mass distributions from our exper-
iment to the results of calculations assuming dielectron
production through the resonance decay R → pρ →
pe+e−. As already mentioned, such a factorization scheme
is used in transport models like the GiBUU and the
UrQMD. The results of the two models were recently pub-
lished [17,40] and were compared to our inclusive data [15].
In order to compare the calculations of the contributions
to the exclusive ppe+e− channel we have to select only
final states including single resonance production. The re-
spective cross sections are given in table 2 and the branch-
ing ratios to pρ are listed in [17] and [40]. Table 3 sum-
marizes these branching ratios (columns “GiBUU” and
“UrQMD”) together with more recent results from a mul-
tichannel partial wave analysis which are discussed below
in this section.
Figure 14: Left: Invariant mass distribution for inclusive e+e− production measured in p-p collisions at 3.5 GeV by
HADES [210] in comparison of hadronic cocktail calculated with GiBUU with (”∆ Ramahlo”) and without (”∆
QED”) an ∆ → Nγ∗ eTFF [118]. For higher mass baryonic resonances strict VDM was applied (see text for
details). Right: Dielectron Invariant mass distribution for the exclusive p pe+e− at 3.5 GeV final state [212] in
comparison to expected contributions from (i) Baryon Dalitz decays assuming constant eTFF (dashed line with
band) and two-body ρ/ω decays (ii) incoherent sum of R → pρ → pe+e− (dotted-line) and two body ω decays
(see text for further explanations).
scenario), the dotted line shows the result of GiBUU calculations accounting for the two-step
process with intermediate ρ’s. In the latter approach the branching ratios for the R → N ρ
decays were taken from recent results obtained from a partial wave analysis of lectron and pion
scattering experiments (for details see [212]). The shaded area spanning around the dashed line
(”QED”) uncovers the systematic error accou ting for uncertainties in the baryon resonance
production cross sections. Furthermore, the contributions from the ∆(1232) and higher ma s
resonances (denoted by R) are plotted separately for the QED scenario. This is an interesting
study demonstrating how the spectral distributions of contributions from ρ decay are altered
depending on the mechanism chosen for the baryon resonance decays. As one can see, abundant
dilectron production through resonances with pole masses MR < MN+Mρ enhance the ρ→ e+e−
contribution right below the ρ meson pole mass in accordance to the exp rimental data.
An alternative approach to explain the dielectron spectral distribution below the ρ me on
pole masses is to apply dedicated electromagnetic baryon transition form factors (eTTF) at the
resonance photon vertex. An attempt in this direction has been made including eTFFs only for
the ∆→ N γ∗ transition based on the covariant quark model of Ramahlo and Pen˜a. In contrast
to the p-p collisions at 1.25 GeV discussed above, a prominent enhancement at the vector meson
pole is visible (left panel of Fig. 14, (∆ Ramalho)). However, the inclusion of the predicted eTTF
seems to deteriorate the agreement with data (dashed line). It is also questionable if such an
approach is justified for the ∆(1232) resonance for masses far above the pole (1232 MeV/c2).
Moreover, there are various parameterizations used to model the high-mass tail of the ∆(1232)
and it is not clear which one has to be chosen. Its exact shape has a substantial influence on the
calculated dielectron production rates (see for discussion [78]). A more consistent calculation
including eTFF’s for all higher mass resonances is not available yet from this model.
It should be also noted that in the exclusive dielectron spectrum contributions from three body
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decays, like η Dalitz, are almost completely removed by the kinematics, and the invariant mass
spectrum is sensitive to the dilepton mass distribution from R → p ρ(→ e+e−) decay. Indeed,
the mass distribution shown in the right panel of Fig. 14 can be considered, after subtraction
of the ω line, as the line shape of the ρ meson produced in this reaction. It shows a broad
distribution located below the meson pole and hence can not be described by a simple Breit-
Wigner form. The reason is the strong coupling of the ρ meson to baryons. Taking a more
microscopic view one can argue that the intermediary ρ meson is modified by the vicinity of the
baryon. Hence, “medium effects” are already apparent in p-p collisions. This phenomenon is of
particular importance in the description of thermal radiation of baryon dominated resonance gas
(cf. Sec. 4.4).
The line shape of ρ measured by HADES in p-p collisions is very much different from the line
shape observed by CLAS [215] at similar energy but in photon induced reactions. The CLAS data
is very well described by a relativistic Breit-Wigner distribution with Γe+e− ∼ 1/M3. Although
CLAS had a much smaller acceptance at low masses and low momenta (pe+e− < 1 GeV/c
2), the
acceptances of both spectrometers are comparable in the 0.5 < Me+e− < 0.8 GeV/c
2 invariant
mass range where the contribution from off-shell ρ decay appears to be strong in the HADES
data. This seems to indicate that contributions from baryonic resonances are much stronger in
p-p than in γ + p experiments. Such a conclusion is corroborated also by model calculations.
For photo-induced ρ meson production they predict only a small contribution originating from
baryonic resonance decay [190].
5.2. Proton and Photon Induced Reactions on Nuclei
As discussed in Sec. 4.5, the modification of vector mesons properties in cold nuclear has
been proposed as a precursor signal of chiral symmetry restoration. Two main approaches are
presently pursued to conclude on in-medium mass/width modifications: (i) direct reconstruc-
tion of the invariant mass from detected decay products (line shape measurements) and/or (ii)
measurements of the meson yields in reactions off targets of increasing size to infer on meson
absorption in nuclear matter.
5.2.1. Vector Meson Line Shapes.
Dilepton decays of ρ mesons are best suited for line shape studies due to the absence of strong
final-state interactions (FSI) and short live time of the meson (cτ = 1.3 fm/c). Dilepton signals
from the longer-lived ω and φ mesons achieve better signal to background but have stronger
contributions from decays outside the nucleus. Furthermore, strong absorption of the mesons in
nuclear matter leads to an increase of the total width (collisional broadening) and reduces the
in-medium contribution to the dilepton yield. Large statistics is needed to be sensitive to subtle
effects on the meson tails arising from a small fraction of in-medium decays for the ω/φ [216]. The
sensitivity can be enhanced by selecting only mesons propagating slowly through the nucleus.
Pioneering experiments studying vector meson production off nuclei in dilepton decay chan-
nels were performed at DESY in seventies using few GeV photon beams [217]. They found a
constructive interference between ρ and ω amplitudes of the coherent diffractive production with
a phase difference ∆φρ/ω = 41 ± 20O. The interference pattern was later also investigated in
the high statistics Na60 measurement in p + A collisions, described in Sec. 5.1.2. Two possible
solutions for the phase difference were derived, only one consistent with the DESY result. The
first dedicated dilepton experiment searching for in-medium modifications in the dilepton chan-
nel was E325 at KEK [218, 219]. It reported a ∼ 9% mass drop of the ρ meson at nuclear ground
state density in 12 GeV p + A collisions (the aforementioned interference effect was excluded
as possible explanation). This finding was connected to a mass shifts predicted in the context
of QCD sum rules [167] or due to “Brown-Rho scaling” (cf. 4.5). Also a mass modification of
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FIG. 19. (Color online) Result of a simultaneous fit to the ρ mass spectra for (a) 2H, (b) Fe-Ti, and (c) the ratio of Fe-Ti/2H.
The systematic uncertainty in the background subtraction
was evaluated with two fits to the experimental ρ mass
spectra, a Breit-Wigner shape and a Breit-Wigner/µ3. As
stated in Sec. V B, the systematic uncertainty due to the shape
of the background function is estimated to be negligible.
For the background normalization factor, the 7% statistical
uncertainty from the mixed-event technique (see Sec. IV C)
was propagated through the simple ratio analysis to estimate
α. The result is a 0.001 difference in the measured α.
As discussed before, the structure seen in the ratio plots
can be very sensitive to a mass shift and/or change in
the width. More realistic functional forms describing these
changes were studied, but a linear fit was used as a simple
measure for observing small possible changes in the mass.
The characteristic plot of the ratio of two spectra indicated
the sensitive range to the mass shift. Using simulation data for
known mass shifts, the slope of the linear fit was translated to
α and compared with the slope in Fig. 16. The systematic
uncertainty associated with the choice of the fit range is
TABLE III. Summary of the results of the system-
atic uncertainty in α due to the choice of fit range. The
change to the limits in each case was 0.02 GeV.
Fit range Sys. uncertainty
Increase/decrease upper limit 0.003
Increase/decrease lower limit <0.001
Increase/decrease both limits 0.006
Shift the fit range 0.003
Total 0.007
summarized in the Table III. For the determination of the
systematic uncertainty, the fit range was varied by 0.02 GeV
with all the permutations taken into account (varying only the
upper limit, varying only the lower limit, and varying both
limits). The total value is an overestimation of the systematic
uncertainty due to the choice of the fit range.
VIII. DISCUSSION AND CONCLUSIONS
This experiment successfully detected the light vector
mesons via their rare decay into e+e− pairs, in order to
eliminate final-state interactions. The CLAS detector is ideal
for this measurement as it can discriminate effectively between
lepton and pion pairs to the level of 10−7. Background
contributions from Bethe-Heitler production, two π0 Dalitz
decays, and combinatorial processes were removed. The
determination of the combinatorial background was possible
thanks to e+e+ and e−e− samples in the data. The narrow
ω- and φ-meson peaks were removed. What remained in
the mass spectra was the experimental ρ-meson distribution
described very well by a Breit-Wigner distribution scaled
by 1/µ3 [see Eq. (11)]. This experiment had the unique
characteristics of an electromagnetic interaction in both the
production and decay of the vector mesons. The ρ-meson
mass spectra have been extracted for 2H, C, and Fe-Ti
nuclei in a model-independent way. With their long lifetimes
and momenta greater than 0.8 GeV, most ω and φ mesons
decay outside the nucleus and were treated as in-vacuum
decays.
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Fig. 9. Average pi0γ invariant-mass spectrum for the Nb target for the inclusive analysis (left, open black data points) and for
the exclusive analysis (right, black data points) compared to GiBUU calculations for different in-medium modification scenarios:
no modification (solid red line), collisional broadening (dashed green line), collisional broadening plus mass shift (dashed blue
line) and mass shift without broadening (dotted magenta line). The GiBUU signals are folded with the detector response given
by eq. 6 with the parameters σ = 19 MeV/c2 and d = 0 and take into account a 1/Eγ weighting of the bremsstrahlung spectrum.
Furthermore, the calculations are normalized to the maximum. The vertical dashed line indicates the mass of the free ω meson.
cut. Hence, the resulting average nuclear density at the ω
decay points is less than 25% of ρ0. The limited sensitivity
of the invariant-mass distribution to in-medium effects is
illustrated in fig. 10. Here the scenarios collisional broad-
ening and collisional broadening plus mass shift calculated
with the GiBUU transport code are shown together with
the corresponding in-medium contribution to the particu-
lar signal. A detailed discussion of the limited sensitivity
of the lineshape analysis can be found in [23].
5 Analysis of the momentum distribution
Mesons produced in nuclear reactions have to become on-
shell when they leave the nuclear medium. In case of a
dropping in-medium mass, the free meson mass has to be
generated at the expense of the kinetic energy, which leads
to a downward shift in the momentum distribution of the
meson. Measuring the momentum distribution of the ω
meson has the advantage of being sensitive to the nuclear
density at their production point. Due to the indepen-
dence on any meson lifetime a larger impact of in-medium
effects may be expected [23].
For the momentum analysis, the ω yield was determined in
different momentum bins, each of them 50 MeV/c wide.
To have sufficient statistics in the different momentum
bins, only the inclusive analysis was performed where the
proton was not required explicitly. Exactly the same cuts
Fig. 10. Calculated pi0γ mass distribution for two scenarios:
collisional broadening (dashed green line), the in-medium con-
tribution to this signal (compact green area), collisional broad-
ening plus mass shift (dashed blue line) and the in-medium
contribution to this signal (light blue area) [23].
Figure 15: Left: ρ meson line shape measured by CLAS in γ + Fe, T i reactions with a fit using a Breit-Wi n r
function [215] (figure from aps). Right: ω meson line shape measured by CB/TAPS@MAMI in γ+Nb compared to
GiBUU calculations for various scenarios: assuming no in-medium modifications (red solid curve), only collisional
broadening (green dashed curve), collisional broadening and mass shift by −16% at normal nuclear matter density
(short dashed, blue curve) and mass shift without broadening (dotted, magenta curve) [224].
the φ meson has been reported. The E325 collaboration observed a ∼ 3.4% downward shift
accompanied by ∼ 4 larger Γe+e− width for “slow” (βγ < 1.2) mesons [220].
The follow-up experiment CLAS at JLAB investigated photo-production at energies of Eγ =
0.6 − 3.85 GeV off nuclear targets (H2, C, Fe, Ti, Pb). However, they could not confirm the
ρ mass shift reported by the KEK experiment [215, 221]. Instead, some modest broadening of
the ρ meson mass distribution (∼ 40 MeV ), most visible for the heaviest targets (Fe-Ti), was
concluded (see Fig.15 – left panel). It was also suggested that the ρ mass shift reported by E325
could be due to the applied background subtraction method based on a fit, instead of exploiting
the like-sign pair technique. The latter could not be applied in E325 because of the trigger setting
used in this two-arm experiment requiring oppositely charged leptons each in one of the arms.
As a result, possible contributions from correlated b ckground pairs modifyin the shape and
the absolute normalization of the combinatorial background could not be evaluated (cf. Sec. 3.3.)
This could have lead to an overestimation of the backgroun i the mass region above the ρ peak,
resulting in an apparent downward shift of the meson mass distribution. The CLAS collaboration
found no modification of the ω lines shape. It should be noted, however, that the specific detector
acceptance permitted ly the detection of large momentu mesons (p ≥ 1 GeV/c) only.
Another approach was pursued by the CBTAPS experiment using the MAMI accelerator in
Mainz. They measured the process ω → pi0γ i photo-prod ctio off nuclei with diff nt mass
number. The photon energy was selected close to the meson production threshold (Eγ = 0.9 −
1.3 GeV [223, 224]). Reconstruction of the Dalitz-decay has the advantage of strongly reduced
(by a factor ' 10−4) background due to ρ meson production but the disadvantage of strong final
state interactions of the daughter pion. The latter was suppressed requiring a minimum energy
of the escaping pion of Epi0 > 150 MeV. Unfortunately, this selection lead at the same time to
a suppression of slow ω mesons and consequently to a reduced sensitivity on in-medium decays.
While the first measurement indicated a downward shift of the ω spectral distribution [223],
subsequent measurements with improved background subtraction showed no effect. Fig. 15 (right
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panel) shows the respective pi0γ invariant mass distribution in comparison to the expectation of
the GiBUU transport model calculation [216] for various scenarios: no in medium modifications
(red solid curve), collisional broadening only, with a total width of Γ(ρ) = Γ0(= 150MeV )ρ/ρ0)
(green dashed curve), in-medium mass scaling like m = m0(1− 0.16 ρ/ρ0) (magenta dotted) and
with combined mass shift and collisional broadening (blue dotted). Only little sensitivity to the
various assumptions is observed although the statistics of the measurement is very good, likely
for the reasons discussed above. Within the error bars, the scenario assuming a mass shift but
no broadening seems to be less likely.
New results from proton-induced reactions and with dielectron final state were obtained by
the HADES collaboration investigating p+Nb collisions at 3.5 GeV [222]. The large acceptance
of the detector and the moderate beam energy enabled the detection of electron pairs from
pi0, η (via Dalitz decays) and the ρ, ω with low laboratory momenta of pe+e− < 1.0 GeV/c.
Moreover, the measurement had also sensitivity in the low-mass continuum down to the pi-
Dalitz region, not covered before by the CLAS and E325 experiments. The direct comparison
of distributions measured in p-p and p + Nb (see Fig. 16) reveals additional strength below the
vector meson pole mass in the p + Nb case, most pronounced for low momentum dielectrons
pe+e− < 0.8 GeV/c. Such a selection enhances the decay probability in the medium and probes
the in-medium spectral function in a region were the strongest effects due to meson-baryon
coupling are expected (see cf. Sec. 4.6). For better comparison, the dielectron cross section
for p-p is scaled by by the average number of participants calculated with a Glauber model
according to σpNb/σpp× < ApNbpart > / < Apppart >. With such a scaling the pi0 production
measured in the p-p describes the pion Dalitz yield in p + Nb, i.e. the pi production scales like
Apart. The comparison of the two spectra reveals a significant reduction of the ω signal in the
p + A case which can be interpreted as strong absorption of the ω meson in nuclear matter (see
next section). The ω peak was removed in both data samples and the properly scaled continuum
dielectron yield from p-p was subtracted from the p + Nb yield. The remaining yield is shown in
Fig. 16 (right panel) and can be interpreted as the in-medium (excess) contribution to the total
yield. It decreases exponentially revealing a bump structure directly below the ω pole mass.
This excess might be interpreted as a sign for contributions from secondary processes involving
the formation and decay of baryon resonance states (R) like p p→ piX and piN→ R → N e+e−
and possibly in-medium meson modifications. In terms of strict VDM the first contribution can
as well be understood as due to decays of in-medium (or far off-shell) ρ mesons. Indeed, as
discussed in Sec. 5.1.3, such decays show a strong enhancement in exactly this mass region due
to strong resonance-ρ couplings. Such an interpretation is supported by calculations with the
GiBUU transport model [75] where also ”mass dropping” and collisional broadening are taken
into account explicitly. The effect of secondary collisions involving higher mass resonances was
found to be very important. However, as already discussed in previous sections, the results
of such calculations have to be taken with caution because of large uncertainties related to the
description of baryon resonance dielectron decays. A different conclusion has been obtained from
results of HSD transport calculations [78]. In this model, the measurement is explained using
string fragmentation rather than baryon resonance production. Only ∆(1232) resonances are
explicitly produced and propagated, though with a production cross section about a factor two
larger than the one used in the GiBUU transport code. Collisional broadening of the ρ/ω mesons
is used as well.
Hence, no clear conclusion about in-medium modifications of the ρ meson could be achieved
so far from this data, which revealed strong cold matter effects in dilepton radiation. The proper
modelling of the baryon-resonance decays and treatment of in-medium effects remains a challenge
for microscopic transport codes. A simultaneous description of multi-differential observables in
different collision systems will help to foster the theoretical description of dilepton radiation from
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4FIG. 4: Left: Same as in the right side of Fig. 3 but zoomed
into the vector meson region. The shaded bands represent
the systematic uncertainties due to the normalization. Right:
Excess yield in the p+Nb data after subtraction of the scaled
p+p reference data (the ω contribution has been subtracted
in both data samples). The grey region corresponds to the
invariant mass range plotted in the left picture.
is justified by the agreement of the scaled p+p data with
the p+Nb results in the invariant mass region below 150
MeV/c2 (see Fig. 5 below) and the calculations in [26].
A unique feature of the HADES setup is its coverage for
low momentum pairs. This allows for the first time to
compare the invariant mass distributions for e+e− pairs
with momenta, down to 0.2 GeV/c and larger than 0.8
GeV/c. The respective contributions are shown in Fig. 3;
for pairs with Pee > 0.8 GeV/c (left panel) the dielectron
yield from p+Nb is slightly lower compared to the scaled
p+p data, pointing to absorption of produced mesons in-
side the nucleus and subsequent particle production in
secondary reactions. These second generation particles
have then on average smaller momenta and therefore con-
tribute more to the low momentum dielectron sample.
The shape of the spectrum is identical to the reference
p+p data within errors. Moreover, the width of the ω
peak can be deduced by fitting a Gaussian function to
the peak, assuming a smooth background underneath.
The corresponding fit, together with a linear zoom into
the vector meson region for the p+Nb data, is displayed
in the inset of Fig. 3. Comparing with the p+p data,
the results agree within errors (Γ
ωpole
pp = 16− 24 MeV/c2
and Γ
ωpole
pNb = 13 − 19 MeV/c2), giving no direct hint for
broadening of the ω meson in the nuclear medium. The
situation changes substantially for pairs with Pee < 0.8
GeV/c. Here one observes a strong e+e− excess yield be-
low the ω pole mass, as can be seen in the left panel of
Fig. 4. Although the e+e− yield at the ω pole mass is not
reduced, the underlying smooth distribution is enhanced
thus reducing the yield in the peak to almost zero within
errors.
Due to its large total width, the ρ meson is believed to
be the dominating source for radiation from the medium.
Therefore we attribute the additional broad contribution
to ρ-like channels. The observed decrease of the ω yield,
compared to the p+p indicates a much stronger absorp-
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FIG. 5: Nuclear modification factor RpA as a function of the
pair momentum for different invariant mass regions and iden-
tified ω.
tion of ω mesons than possible feeding from secondary
reactions. Unfortunately for low momentum pairs, the
extraction of the widths of the ω peak is hampered by
low statistics due to this strong absorption in case of the
p+Nb data.
This interpretation is in line with previous ω line shape
measurements by the CBELSA-TAPS experiment [29] in
the channel ω → pi0γ where the ρ decay branch is negligi-
ble. The data indicate that, if any in-medium broadening
occurs, the change in width of the observed signal is on
the percentage level.
Following our argumentation, we subtract first, the ω
peak in both data samples and further subtract the scaled
p+p dielectron yield from the p+Nb yield. The difference
represents the additional e+e− radiation σexcess due to
the medium. For the scaled spectra the resulting excess
for Pee < 0.8 GeV/c corresponds to a factor of around
1.5 ± 0.3 of the p+p data in the invariant mass region
between 0.3 and 0.7 GeV/c2 and shows an exponential
decrease with an additional enhancement directly below
the ρ pole mass, i.e. between 0.5 and 0.7 GeV/c2, see
right panel of Fig. 4. Note that this enhancement is
exactly at the position where a discrepancy is observed
when comparing the p+p data with the PYTHIA calcu-
lation (Fig. 2), indicating that both observations might
be linked by the same physical process.
In order to better understand these observations we com-
pare RpA as a function of the pair momentum Pee in four
selected mass regions. Compared to the more abundant
particles like pions, the multiplicity of vector mesons is
about a factor 50 smaller. Hence the expected feeding of
the yield in the vector meson region from pion induced
secondary reactions will give a much stronger contribu-
tion than the reverse reaction.
In Fig. 5 RpA is shown for four Mee intervals as a func-
tion of the e+e− pair momentum. In addition, RpA is also
depicted for identified ω mesons. In absence of nuclear
medium effects the value should be unity, hence any devi-
Figure 16: Left: Comparison of dielectron cross sections as a function of the invariant mass measured in p-p
(shown in Fig. 14) and p + Nb collisions at beam energy of 3.5 GeV zoomed in the vector meson region. The
shaded bands represent the systematic uncertainties due to the normalization. Right: Excess yield in the p + Nb
data after subtraction of the scaled p-p reference data (the ω contribution has been subtracted in both data
samples). The grey region corresponds to the invariant mass range plotted in the left picture [222].
cold matter. It is expected that the on-going HADES program with pion beams will provide
more constraints on the role of resonance decays herein.
5.2.2. Production Experiments
An observable to address meson absorption in cold matter is the so-called transparency ratio
(TA). It is defined as the ratio of the meson production cross section in a given photon (or
proton)-nucleus reaction to the respective cross section on a single nucleon, scaled with the
nuclear mass number A of the target. The relation between the transparency ratio and the in-
medium width can be obtained from th eikonal approximation [225], which ge eral holds better
if the relative momentum between meson and medium is large. It relates the transparency ratio to
the imaginary part of the meson self-energy Π(p, ρ(r)). The latter in turn is related to the meson
in-medium width in the nucleus rest frame Γcoll (p, ρ(r)) and the imaginary part of in-medium
potential. Both quantities, Π (p, ρ(r)) and Γcoll (p, ρ(r)), depend on the meson momentum p and
the local baryon density ρ(r). The expression reads
TA ≡ σA
Aσ
=
1
A
∫
d3r ρ(~r) exp
[
1
p
∫ ∞
0
dl Im Π
(
p, ρ(~r′)
)]
(84)
where − Im Π(p) = Γcoll(p) ω, and ~r′ = ~r + l~p/p . The production cross section for dileptons off
a nucleus with mass number A is σA. The first integral is taken over the volume of the nucleus
and the second integral along the (straight) path of a produced meson. In analogy to the optical
model the energy is here labeled s ω.
In the discussion of experimentally obtained transparency ratios one should keep the im-
portance of any kind of nuclear effect in mind, which have to be considered carefully in calcu-
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Figure 17: Left panel: Differential e+e− multiplicities normalized to the 1/2(Mpi+ + Mpi− ) as function of the
dilepton invariant mass. The data has been obtained from Ar + KCl collisions at 1.756 A GeV. Also shown is
the cocktail of dilepton from mesonic sources (pi0, η, ω) accounting for contribution after freeze-out [232]. The
excess radiation clearly outshines the contribution from η-Dalitz decays (shaded). Note the conditions on the
single lepton laboratory momentum and the opening angle. Right panel: Same data but after subtraction of the
mesonic cocktail (black points, see insert). Also shown is the a reference spectrum scaled by to the mean number
of participant nucleons assigned to the ion data (red dots). The blue lines are shown to guide the eye and indicate
the “medium radiation”.
lations. The first is the initial production probability, which is large (surface dominated) for
e.g. pion-induced reactions but small (“illuminating” the whole nucleus) in photo production
experiments. Moreover, at threshold energies the momentum distribution of the target nucle-
ons has to be modelled precisely as details in high-momentum tails, e.g. through short-range
correlations, can significantly enhance the production probability. A further complication arises
from two-step meson production processes, which involve intermediary hadrons produced in a
first-chance collision (e.g. a pion) which then, in second collisions, produce the meson finally
observed. Such processes are evidently not present in reactions on single nucleons. In order to
reduce such effects, the transparency ratio is usually defined w.r.t. a reference measurement on
light nuclei (for example carbon). But even this does not completely guarantee full elimination
of the effects related to two-step production, e.g. because of clustering phenomena. Last but
not least, in cases where a daughter hadron is emitted along with the photon or dilepton, its
FSI have to be considered carefully. One should also emphasize that meson production can be
affected by the real part of the in-medium potential (for example appearance of bound states).
The TAPS experiment obtained results for the transparency ratio for ω, φ, η and η
′
. The data
demonstrate significant absorption in cold nuclear matter for all addressed mesons. For more
details on thos topic we refer the interesting reader to recent reviews [157, 226].
5.3. Heavy Ion Collisions
5.3.1. BEVALAC/SIS18
In heavy-ion collisions at 1-2 A GeV pions are the only abundantly produced mesons. They
originate mainly from ∆(1232) resonance decays. The production of η mesons is already sup-
pressed by orders of magnitude but yet constitutes an important contribution to the hadronic
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covered by plotting rapidity density as function of ra-
pidity, dN/dy, and the transverse one by plotting either
dN/dp⊥ or dN/dm⊥ with m⊥ =
√
p2⊥ +M2ee as function
of p⊥ orm⊥. The thermal nature of a particle source can
be best recognized by plotting either its 1/m2⊥ dN/dm⊥
distribution at y = y0 or its 1/m
3/2
⊥ dN/dm⊥ distribu-
tion integrated over all rapidities [48]. Indeed, in semi-
logarithmic representation and for m⊥ >> T , both func-
tions turn into a straight line where the inverse-slope pa-
rameter T may be interpreted as the source temperature.
In case of measuring dilepton pairs the situation is further
complicated by the decay kinematics of the three-body
Dalitz decays. Consequently, the exact nature of the par-
ent distribution can be distorted in the observed e+e−
distribution. Note that, in order to obtain meaningful
slopes, these distributions have to be corrected not only
for efficiency but also for acceptance including the detec-
tor geometry as well as momentum and opening angle
cuts. As mentioned in the discussion of the ω multiplic-
ity determination, the acceptance correction has been ob-
tained from Pluto simulations of a full pair cocktail (with
the source parameters listed in Tab. I), while varying its
source parameters to quantify systematic effects. The
pair acceptance has thereby been determined as a one-
dimensional function of transverse mass, averaged over
rapidity within a given mass bin, and vice-versa. We have
verified that this procedure gives results compatible with
the more complex multi-dimensional correction as func-
tion of mass, transverse momentum, and rapidity. The
resulting normalized dN/dy and dN/dm⊥ spectra are
shown in Fig. 9 for pairs ofMee < 0.13 GeV/c
2, together
with the corresponding simulated spectra. This low-mass
bin – being dominated by π0 Dalitz yield – is described
to better than 10% by our Pluto event generator, as seen
from the overlayed histograms. This agreement further
strengthens our confidence in the pion phase-space distri-
bution used in the simulation as well as in our dielectron
reconstruction procedures in general.
In the context of this analysis we have also done a care-
ful investigation of the signal purity, as one might fear
that particularly the high m⊥ pairs could be contam-
inated by misidentified high-momentum hadron tracks
and/or fake tracks. This purity study has been done with
an event mixing technique and confirmed as well with full
simulations of the reconstruction and particle identifica-
tion. Indeed, while our lepton purity is on average better
than 0.95, it decreases with increasing lepton momen-
tum, resulting nonetheless in a dielectron purity which
remains better than 0.7 up to m⊥ values of 1.5 GeV/c2.
Note that hadron and fake impurities in the lepton sam-
ple lead to uncorrelated pairs only, and thus increase the
combinatorial background which is of course subtracted,
as discussed in section II. We have checked in simulations
that the CB subtraction indeed removes these additional
uncorrelated contributions.
To take advantage of our full pair statistics, we have
opted to use the 1/m
3/2
⊥ dN/dm⊥ = N◦ exp(−m⊥/T )
representation in our systematic investigation of the
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FIG. 10: (Color online) Reconstructed pair 1/m
3/2
⊥ dN/dm⊥
distributions, normalized to the π0 multiplicity, for the full
rapidity range and different mass selections given in the l.h.s.
legends (in MeV). Efficiency and acceptance corrections are
applied; error bars are statistical. Exponential fits to the
high-m⊥ region of the data are shown as dashed curves with
the corresponding inverse-slope parameter given (in MeV) in
the second line of the legends. Note also the scaling factors
(in parentheses).
transverse momentum distribution for several bins of
pair mass displayed in Fig. 10. With increasing pair
masses contributions from η Dalitz, ∆ (and N∗) Dalitz,
bremsstrahlung, and finally ω, ρ0 and (very few) φ decays
are successively probed. Although the limited statistics
of our data required rather wide bins, particularly for the
highest masses, one can see a distinctive pattern emerge:
as one progresses from low to higherMee, the slope of the
pair transverse-mass spectra first remains approximately
constant at T around 80 MeV, but when approaching the
vector meson region, it rises steeply to reach a value as
high as 130 MeV.
While the first mass bin is dominated by π0 Dalitz
pairs, as emphasized in discussing Fig. 9, the next two
bins cover the intermediate-mass region (0.15 < Mee <
0.5 GeV/c2), with contributions from η Dalitz, ∆ Dalitz,
NN bremsstrahlung and maybe other sources. This is
the region of the pair excess which we would like to char-
acterize as much as possible. To do this, we have again
subtracted the eta component simulated with Pluto by
making use of the known η multiplicity and source tem-
perature. The resulting excess dN/dm⊥ distribution is
shown in Fig. 11 together with corresponding data ob-
tained in C+C at 1 and 2A GeV, as well as with a
reference from elementary nucleon-nucleon collisions, ob-
tained from the average of our p+p and n+p results at
1.25 GeV [18] as discussed in III.B. The spectrum from
Figure 18: Transverse mass distribution of virtual photons orrected for the HADES detector acceptance and
efficie cy for v rious mass bins and with exponential (Boltzmann) fits. Inverse slope parameters are given in the
figure.
dilepto cocktail. Respective pi0 and η meson multiplicities were measured by the TAPS collab-
oration at GSI investigating the two-photon decay channel [227, 228, 229]. It was found that the
multiplicities follow mt-scaling [230]. However, pioneering dilepton experiments performed by
the DLS collaboration at the BEVALAC showed substantial dilepton yield above contributions
from η Dalitz dec ys [128] already for comparatively light collision systems. This additional
yield could not be explained by any transport calculation, even after inclusion of in-medium
modifications of the ρ meson (for details see [148]). This situation motivated next generation
experiments conducted with the HADES detector at GSI.
HADES measured inclusive dielectron production in the light C+C (at 1 and 2 A GeV) [231,
232], the medium-heavy Ar+KCl (at 1.756 A GeV) [234] and the heavy Au+Au (at 1.23 A GeV)
collision system [235]. Fig. 17 hows as example the result obtained for the Ar + KCl collision
system. The invariant mass distribution of dielectron pairs is normalized to the mean charged
pion multiplicity M¯ = 0.5 (Mpi+ +Mpi−). Ch rged pi ns were measured with HADES as well and
their respective yields extrapolated to full solid angle. The mean charged pion multiplicity served
as substitute for the neutral pion multiplicity Mpi0 and agreed very well with the pi
0 systematics
measured by TAPS in the two-photon channel. The dielectron invariant mass spectrum for the
40% most central collisions i compared to the hadronic c cktail in the left panel of Fig. 17. The
bump observed around 800 MeV/c2 agrees with the cocktail ω direct decay very well. It is the first
easure ent of an ω signal in heavy-ion collisions at a collision energy below its nominal N + N
production threshold. For the cocktail generation the ω yield was estimated using mT scaling (for
details see [234]). As one can clearly see, the dielectron cocktail composed of meson decays after
freeze-out does not explain the measured yield but does not yet contain expected contributions
originating from baryonic sources, as they were found already in N +N collisions (cf. Sec. 5.1.3).
The most relevant baryonic contributions to the dilepton yield are Dalitz decays of baryonic
resonances (mainly ∆(1232)) and N-N bremsstrahlung. Since the modelling of dileptons from
baryonic baryonic sources is subject to large uncertainties, these contribution were approximated
by reference measurements using p-p and n-p collisions at 1.25 A GeV. The inclusive invariant
mass distributions obtained in these experiments were also normalized to the respective neutral
pion multiplicities and averaged over all types of N-N collisions using proper isospin factors
(M e
+e−
pp +M
e+e−
pn )/(2Mpi0) (for that it was assumed that dilepton production in p-p and N-N is
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the same). The reference distribution can be regarded as contribution of baryonic sources from
nucleon-nucleon first chance collisions and is normalized to Mpi0 . Note that the small η Dalitz
yield in measured in these N-N collisions has been subtracted to obtain the reference spectrum.
The subtraction of the η contribution is important as the η meson production mechanisms close
to threshold differ substantially in nucleus-nucleus and nucleon-nucleon reactions at this beam
energy and therefore has to be estimated separately. One should also note that the normalization
to Mpi0 takes the excitation function of baryon resonance production with beam energy into
account. Moreover, also the system size dependence is taken care of via implicit Apart scaling
since the pion multiplicity is known to be proportional to Apart in heavy-ion collisions.
Fig. 17 (right) shows a comparison of dilepton yields, with subtracted η meson contribution,
recorded for Ar-KCl to the respective expected baryonic contributions from first chance collisions
measured in the N-N reference reactions (the reference spectrum defined above). The contribu-
tion from pi0 Dalitz-decay is included in the measured distribution to confirm the normalization
procedure but the contributions from the other meson Dalitz decay are consistently excluded to
remain with baryonic sources only in the mass region above 150 MeV/c2. A significant excess
yield is, however, visible above the pion mass indicating the presence of medium radiation. To
scrutinize this conclusion the same analysis was carried out for the C-C collision system at 1
and 2 A GeV. No significant excess radiation above the reference spectrum could be observed
for this light collision system [126]. This observation explained the long standing ”DLS puzzle”
connected to the dilepton yield measured in C-C collisions as being due to unexpected baryonic
contributions not properly accounted for in the theoretical description of the data.
The high statistics of the measurement enabled multi-differential studies. As an example,
Fig. 18 displays transverse mass distributions of the virtual photons mt =
√
M + pt, integrated
over rapidity, for the five indicated invariant mass bins. The distributions were fitted with
the exponential function 1/m
3/2
t dN/dmT ∼ exp(−mt/T ) and revealed inverse slope parameters
increasing for the high-mass bins. Visible is a significant change in the inverse slope parameters
for masses higher than the 450 MeV/c2. Indeed, the thermal population of (in-medium) ρ
mesons states with significant densities requires high temperatures. However, particles with
higher mass also gain more transverse momentum if the emission system features collective
radial expansion. Hence, a unique interpretation of the underlying physics being responsible
for the observed inverse slope parameters is not available yet. It is interesting to note in this
context that the freeze-out temperature, obtained for this collision system from fitting the particle
abundances in the context of a strangeness-canonical statistical hadronization model, was found
to be 73 ± 5 MeV [234, 236]). The fit converges at this high temperature only by driving the
volume parameter to a rather small value.
Another interesting information, addressed for the first time at such low collision energies, are
electron angular distributions in the helicity frame which, as discussed in Sec. 4 carry information
about the virtual photon polarization. Fig. 19 shows electron helicity angular distributions,
corrected for the detector acceptance and efficiency, for the three indicated mass bins. The
distributions are fitted with the function dN/d(θ) ∼ 1 + B cos2 θ to extract the asymmetry
quantified by B (the results are quoted in the figure). For the lowest mass bins, which are
dominated by lepton pairs from pi0 Dalitz decay, the outcome is as expected (cf. Sec. 4.1.3). One
should, however, note that the explicit reconstruction of the pi0 → γ∗γ decay is not possible
in such an inclusive measurement as the real photon is not measured. Consequently, also the
daughter γ∗ rest frame cannot be correctly reconstructed in the pi0 decay frame. Therefore,
angular distributions of electrons in the γ∗ rest-frame reconstructed from the two daughter
electrons only is slightly affected by this effect. Simulations accounting for this effect show [126]
that for the pi0 and η0 mesons values of B = 0.6−0.7 are expected in agreement with the results
obtained for the two mass bins, addressed in the left and center panel referring to pi0 and η-Dalitz,
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the thermal nature of high-mass dimuon radiation emit-
ted in high-energy heavy-ion reactions at the CERN-SPS
[69].
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FIG. 13: (Color online) Acceptance of the HADES detector
for the dielectron nucleus-nucleus center-of-mass polar emis-
sion angle θcm (left) and helicity angle α (right), represented
for the three mass selections indicated in the figure.
Experimentally the dielectron angular distributions are
only obtained within the detector acceptance shown in
Fig. 13, which they need to be corrected for. We have
done this by dividing a given reconstructed polar distri-
bution with a corresponding simulated cocktail distribu-
tion for which isotropic emission of the parent particle
was assumed. Likewise, the experimental helicity dis-
tributions were divided by the corresponding simulated
cocktail distribution assuming an isotropic emission of
the decay lepton. From our simulations we expect that
such a ratio, besides correcting for the acceptance, will
reveal deviations of the data from isotropy. The π0 domi-
nated low-mass pairs can again serve as a test bed for the
procedure. For these one expects to observe a polar dis-
tribution reminiscent of the known pion polar anisotropy
[20] as well as the helicity distribution typical for pseu-
doscalar Dalitz decays, although attenuated. Figure 14
shows the ratio of the reconstructed/simulated center-
of-mass polar (dN/dθcm) and helicity (dN/dα) distribu-
tions for three different pair mass bins. Note that prior
to dividing, the data have been reflected about 90◦ and
added in order to reduce statistical fluctuations. The
normalization is arbitrary. The resulting angular dis-
tributions exhibit anisotropies which are quantified by
adjusting 1+A2 cos
2 θcm and 1+B cos
2 α forms, respec-
tively.
The low-mass anisotropies are large and consistent
with our expectations for the neutral pion. The fitted
polar coefficient A2 = 0.61± 0.09 corresponds, according
to our simulation, to an un-attenuated A2 = 0.76± 0.11,
in agreement with the polar anisotropies of charged pions
observed in Ar+KCl [20], namely A2 = 0.75± 0.05. The
helicity, B = 0.71 ± 0.05, is attenuated by the thermal
emission of the pion from its QED value B = 1, again
consistent with the expectation from our simulations.
Intermediate-mass pairs are more interesting because
only about 25 - 30 % of their yield is exhausted by η
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FIG. 14: (Color online) Ratio of measured and simulated
dielectron center-of-mass polar distributions dN/dθcm (left)
and helicity distributions dN/dα (right) for three mass bins:
Mee < 0.15, 0.15 < Mee < 0.5, and Mee > 0.5 GeV/c
2 (from
top to bottom). The error bars are statistical. The Pluto
cocktail simulation was done assuming isotropic emission and
decay of the dileptons (see text). The curves are fits to the
data yielding the anisotropy coefficients, i.e. polar A2 and he-
licity B. The coefficients Ax2 and B
x result from fits (dashed
curves) to the η-subtracted ratios (triangles).
Dalitz pairs, the dominant excess part being of non-
trivial nature (see discussion in III.B). Angular distri-
butions might provide some constraints on its possible
composition. The intermediate-mass bin in Fig. 14 dis-
plays large anisotropies as well, both for polar emission
angles, with A2 = 0.72 ± 0.24, and for helicity, with
B = 0.55 ± 0.12. Taking into account the attenua-
tion, this is again compatible with the 1 + cos2 α be-
havior typical for pseudoscalar meson, but also ∆ de-
cays. Subtracting the simulated η contribution from the
data, the pure excess angular distributions have been
obtained. They are represented as well in the figure,
together with the corresponding fits, showing that the
anisotropies (Ax2 = 0.69± 0.30 and Bx = 0.51± 0.17) of
the excess yield turn out to be very similar to the ones
of the η. This suggests that a large fraction of the ex-
the thermal nature of high-mass dimuon radiation emit-
ted in high-energy heavy-ion reactions at the CERN-SPS
[69].
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FIG. 13: (Color online) Acceptance of the HADES detector
for the dielectron nucleus-nucleus center-of-mass polar emis-
sion angle θcm (left) and helicity angle α (right), represented
for the three mass selections indicated in the figure.
Experimentally the dielectron angular distributions are
only obtained within the detector acceptance shown in
Fig. 13, which they need to be corrected for. We have
done this by dividing a given reconstructed polar distri-
bution with a corresponding simulated cocktail distribu-
tion for which isotropic emission of the parent particle
was assumed. Likewise, the experimental helicity dis-
tributions were divided by the corresponding simulated
cocktail distribu ion assuming an isotropic emission of
the decay lepton. From our simulations we expect that
such a ratio, besides correcting for the cceptance, will
reveal deviations of the data from isotropy. The π0 domi-
nated low-mass pairs can again serve as a test bed for the
procedure. For these one expects to observe a polar dis-
tribution reminiscent of the known pion polar anisotropy
[20] as well as the helicity distribution typical for pseu-
doscalar Dalitz decays, although attenuated. Figure 14
shows the ratio of the reconstructed/simulated center-
of-mass polar (dN/dθcm) and helicity (dN/dα) distribu-
tions for three different pair mass bins. Note that prior
to dividing, the data have been reflected about 90◦ and
added in order to reduce statistical fluctuations. The
normalization is arbitrary. The resulting angular dis-
tributions exhibit anisotropies which are quantified by
adjusting 1+A2 cos
2 θcm and 1+B cos
2 α forms, respec-
tively.
The low-mass anisotropies are larg nd consistent
with our expectations for the neutral pion. The fitted
polar coefficient A2 = 0.61± 0.09 corresponds, according
to our simulation, to an un-attenuated A2 = 0.76± 0.11,
in agree ent with the polar anisotropies of charged pions
observed in Ar+KCl [20], namely A2 = 0.75± 0.05. The
helicity, B = 0.71 ± 0.05, is attenuated by the thermal
emission of the pion from its QED value B = 1, again
c nsistent ith the expectation from our simulations.
Intermediate-mass pairs are more interesting because
only about 25 - 30 % of their yield is exhausted by η
 / ndf 2χ
 18.2 / 14
2A  0.09± 0.61 
]o  [cmθ
60 80 100 120
ra
tio
0.6
0.8
1
 < 0.15eeM
 / ndf 2χ
 11.0 / 15
2A  0.24± 0.72 
x
2A  0.30± 0.69 
]o  [cmθ
40 60 80 100 120 140
ra
tio
0.5
1
1.5
 < 0.5ee0.15 < M
 / ndf 2χ
 3.2 / 6
2A  1.5± 2.2 
]o  [cmθ
0 45 90 135 180
ra
tio
0
1
2
3
 > 0.5eeM
 / ndf 2χ
 21.4 / 25
B         0.05± 0.71 
]o  [α
40 60 80 100 120 140
ra
tio
1
1.5
2
 / ndf 2χ
 5.2 / 8
B         0.08± 0.55 
xB  0.12± 0.51 
]o  [α
20 40 60 80 100 120 140 160
ra
tio
1
1.5
2
M>0.5 
B   0.10± 0.01 
20 40 60 80 100120 140160 
θ  [o]
ra
tio
0
0.5
1
1.5
2
FIG. 14: (Color online) Ratio of measured and simulated
dielectron center-of-mass polar distributions dN/dθcm (left)
and helicity distributions dN/dα (right) for three mass bins:
Mee < 0.15, 0.15 < Mee < 0.5, and Mee > 0.5 GeV/c
2 (from
top to bottom). The error bars are statistical. The Pluto
cocktail simulation was done assuming isotropic emission and
decay of the dileptons (see text). The curves are fits to the
data yielding the anisotropy coefficients, i.e. polar A2 and he-
licity B. The coefficients Ax2 and B
x result from fits (dashed
curves) to the η-subtracted ratios (triangles).
Dalitz pairs, the dominant excess part being of non-
trivial nature (see discussion in III.B). Angular distri-
butions might provid some constraints on its possible
c mposition. The intermediate-mass bin in Fig. 14 dis-
plays large anisotropi s a well, both for polar emission
angl s, wit A2 = 0.72 ± 0.24, and for helicity, with
B = 0.55 ± 0.12. Taking into account the attenua-
tion, this is again compatible with the 1 + cos2 α be-
havior typical for pseudoscalar meson, but also ∆ de-
cays. Subtracting the simulated η contribution from the
data, the pure excess angular distributions have been
obtain d. They are represe ted as well in the figure,
together with the corresponding fits, showing that the
anisotropies (Ax2 = 0.69± 0.30 and Bx = 0.51± 0.17) of
the exc ss yield tur out to be very similar to the ones
of the η. This suggests that a large fraction of the ex-
Figure 19: Electron angular distributions in the helicity frame for three invariant mass bins measured in Ar-KCl
at 1.756 A GeV[233]. The asymmetry is quantified by adjusting the function dN/dθ ∼ (1 +B cos2 θ). The result
is shown as full (purple) line.
respec ively. Similar anisotropies are also expected for ∆(1232)-Dalitz decays which contribute
mainly to the spectrum shown in the center panel and depicting the range 0.15 < M = Me e < 0.5.
But in this mass range contributions from η Dalitz can hamper the distribution and complicate
the interpretation. In the middle panel, the triangles show the angular distribution obtained
after subtraction of the expected η Dalitz contribution. The resulting fit is shown as dashed
line and the corresponding anisotropy parameter Bx changes very little. In contrast, p + n
bremsstrahlung is not expected to produce anisotropic distributions (cf. Sec. 5.1.3)). Hence it
might be justified to conclude that in the 0.15 < M < 0.5 mass region bremsstrahlung is of
minor importance and is dominated by the ∆-like contribution. Indeed, the additional strength
observed in this mass range (in-medium radiation) can be understood as due to radiation from
multiple ∆ resonances produced and decaying during the dense phase of the collisions. Such a
conclusion is corroborated by the transport code calculations [78].
The very different pattern of angular distribution (isotropic emission) is visible for the highest
mass bin d might indicate change of the dominating source. Indeed, in this mass range
contribution from the vector meson, especially ρ meson, are expected. Such isotropic emission
was indeed measured in URHIC at SPS by NA60 in In+ In collisions [247].
The observed anisotropies of electron angular distributions and their dependence on the pair
invariant mass still awaits a consistent explanation. The anisotropies measured in the ”∆” mass
bin are apparently in disagreement with calculations for thermal radiation discussed in [37] (see
cf. Sec. 4.4). They might be an fingerprint of a specific mechanism related to radiation from
multiple δ generations. New results from Au + Au collisions measured by HADES at smaller
energies will shine more light on this interesting phenomenon.
5.3.2. SPS
In the early nineties, second generation experiments6 were installed in the target halls of the
SPS at CERN to search for the conjectured new phase of strongly interacting matter, the QGP.
First lead beam in the SPS became available in 1994. Dilepton data for lead beams at maximum
SPS energy were taken by CERES in 1995 and 1996. The dielectron invariant mass spectrum
obtained from the combined statistics is shown in Fig. 20 [237]. Although the statistics and
resolution of the spectrometer were not sufficient to clearly identify contributions from the vector
6This notation was used by Hans Specht in his presentation on the occasion of a celebration event “30 years
lead beam at SPS”. It is in distinction to the first experimen s operated at SPS with Sulfur and proton beams
which where realized by reusing and complementing already existing detector systems.
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Fig. 8.2. Comparison of the inclusive mass spectrum of
Fig. 7.1 to (i) free hadron decays without ρ decay (thin solid
line), (ii) model calculations with a vacuum ρ spectral func-
tion (thick dashed line), (iii) with dropping in-medium ρ mass
(thick dashed-dotted line), (iv) with a medium-modified ρ spec-
tral function (thick solid line). A corresponding cocktail includ-
ing the ρ decay is shown in Fig. 7.1.
We meet here the governing features of pion annihilation,
rather than of medium modifications proper.
It is the mass spectrum which uncovers the character-
istic of medium modifications as distinct from pion anni-
hilation with vacuum ρ propagator as seen from the com-
parison of the data with the three modell calculations in
Fig. 8.2. The differences between the two models incorpo-
rating medium modifications, however, are rather subtle.
Let us inspect the model calculations of peet -selected
mass spectra compared in Fig. 8.3 to the data. The dras-
tic impact on the shape of the mass spectrum the selection
of low peet has, is also present in the two model calcula-
tions with modified ρ. In these models, the effect maybe
somewhat weaker, yet locally the enhancement over the
cocktail reaches 10 (see Fig. 7.5 for the complete cocktail).
The vacuum-ρ calculation is only weakly affected by the
peet -selection. For larger p
ee
t , data and model calculations
come much closer to the decay cocktail.
The processes causing the in-medium changes of the ρ
spectral function, or the dropping mass of the ρ, clearly
also favour low pair peet . Such behaviour would arise most
naturally in the dropping-mass scenario from the Boltz-
mann (or Bose) factor producing the largest gain for small
in-medium masses at vanishing 3-momentum (see App. A).
For the spectral function approach, the observation had
its impact to install the s-wave N(1520) ρ-nucleon reso-
nance [116,6] as the moving agent in place of the p-wave
N(1720) resonance which had pioneered the importance
of ρN resonances for medium modifications [117]; this
change also met requirements by photo absorption data
to soften the form factor [118].
The effective downward shift of strength to lower masses
in the melting-ρ treatment [39] is largely due to strong
meson-baryon coupling, and most approaches agree to its
importance for generating in-medium effects [27,38,115]; a
finite nucleon chemical potential is required also for some
meson-meson mixing effects to take place in approaching
chiral symmetry restoration [119,120]. Only very small ef-
fects of baryon density have been reported for UrQMD
transport calculations [52].31 We have remarked that the
CERES run at reduced SPS energy of 40GeV/n observed
an even larger enhancement as in 158GeV/n collisions [53]
reaffirming the conclusion [121] that the increase in baryon
density seems to have won over the reduced pion density,
or lower temperature. As it is the total baryon density
that matters - vector mesons interact symmetrically with
baryons and anti-baryons [122]- the situation at RHIC en-
ergies will not be greatly different from top SPS energy
(despite vanishing net baryon density).
In concluding this review of selected theory descrip-
tions of the CERES Pb-Au dilepton data, we like to add
that the spectral function approach had also other suc-
cesses. Within the same framework, the intermediate-mass
enhancement observed by NA50 [123] has been success-
fully described as thermal radiation with a 30% share of
the quark gluon plasma [124]; there was no need to in-
voke open-charm enhancement. This finding may be seen
as the first glimpse of light in the long search for thermal
q¯q radiation from the quark-gluon plasma[125,18].
Still within the same framework, the pt spectra of pho-
tons in 158GeV/n Pb-Pb collisions measured by
WA98 [126] have been reproduced; up to transverse mo-
menta of about 1.5 GeV/c, thermal emission from the
expanding hadronic fireball has been found to dominate
with photons mainly of baryonic origin [127], fully consis-
tent with the closely related calculations that describe the
low-mass dilepton excess observed by CERES.
9 Conclusion and Outlook
The analysis of the large unified data sample has sub-
stantiated the earlier finding of a strong source of con-
tinuum electron pairs which contributes to the invariant
mass spectrum beyond the decays of produced mesons,
most strongly around 500 MeV/c2. There is ample evi-
dence that we observe dilepton radiation from the interior
of the hadronic fireball in which pion annihilation medi-
ated by the ρ propagator plays a major role. The excess
yield rises significantly steeper than linearly with charged-
particle density, consistent with the binary annihilation
process. Another piece of circumstantial evidence for ππ
annihilation is delivered by the invariant pair transverse-
momentum spectra for the continuum pairs of masses be-
31 This conclusion rests on the (false) premise that the data
have been satisfactorily described without medium modifica-
tions using boosted ω and η Dalitz decays.
Figure 20: Dielectron invariant mass spectrum obtained by CERES in Pb+Au collisions at maximum SPS energies.
The data was collected in two runs and is for the 28% most central fraction of the geometrical cross section (the
respective mean charged particle rapidity density is given in the insert together with other conditions applied in
the analysis like pair transverse momentum pt and opening angle Θe e). Systematical and statistical error are
given as horizontal and vertical bars, respectively. The thin lines depict the mesonic cocktail (with related labels)
and the thick lines the sum of the cocktail plus various assumptions for the contributions due to two-body ρ decay
[237].
mesons, the result nevertheless established for the first time a substantial excess yield above
contributions from meson Dalitz decays in the invariant mass region 300 < Mee/( GeV/c
2)<
700. After the “anomalous” exc ss in proton-induced reactions had been finally explained by
incorrectly accounted η-Dalitz decays (see Sec. 5.1.2), now an excess in the same mass range was
found in collisions of heavy ions. This excess could soon be explained as being due to in-medium ρ
meson decays. Indeed, the most plausible underlying process is continuous production and decay
of ρ mesons in the pion-dominated medium as discussed in Sec. 4.4. At each time and location
during the evolution of the fireball ρ mesons are expected to be in chemical equilibrium at these
beam energies. This is exactly the situation assum d in calculations of the emissivity of a hadron
resonance gas based on the in-medium se f-energy of the ρ and strict VDM (cf. Sec. 4.5). The
integral yield above the contribution from late meson decays not only depends on t e temperature
(and to a smaller account on the baryo-chemical potential) of the system, but also scales with
the lifetime and volume of the evolving fireball formed in the collision center. Since a longer
lifetime allows for more g nerations of ρ’s the yield was said to provide a ”ρ clock” for fireball
evolution.
Besides the shear amount of exce s radiation, also its spectr l distribution is of interest. In
comparison with model calculations, shown as thick lines in Fig. 20, it is apparent that the
dominant medium effect on the ρ meson is rather a strong broadening than a shift of the ρ
pole-mass towards smaller values without broadening, as conjectured in the late eighties (cf. Sec.
5.2). These findings can be inferred from the full and the dashed-dotted lines, which represent
calculations using a broadening and dropping scenario, respectively. Further support for the
explanation of the excess radiation as being due to thermal radiation out of a pion-dominated
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fireball came from the inspection of the pt dependence of the excess. Indeed, the invariant mass
distribution obtained for pairs with transverse momenta in excess of 500 MeV/c shows much
less excess radiation and cannot discriminate between calculations with and without medium
modification of the ρ [238]. This is exactly what is expected in case the ρ mesons are produced
in a thermal environment with a temperature around kT = 150 MeV. Yet, the quality of the
data did not allow to draw firm conclusions at the time of their publication.
Later, the CERES experiment was complemented by adding a Time Projection Chamber
with a separate, second magnetic field behind the RICH section [239]. The TPC not only im-
proved the momentum resolution but also provided additional discrimination power between
electrons and pions making use of their specific energy loss in the counting gas. The new setup
was first used for a 40 A GeV run [240], but with a statistics not reaching close to the one col-
lected for 158 A GeV. At lower beam energies the fractional stopping of the incoming baryons
is increased while anti-baryon production is generally below the percent level of the stopped
nucleons at SPS energies. Consequently, more sensitivity to the baryon-driven broadening of
the ρ spectral function is expected. The invariant mass spectrum obtained for this collision
system indeed showed a stronger excess radiation as observed for 158 A GeV. The CERES
collaboration quantified the excess radiation by subtracting from the the measured yield, in-
tegrated in the range 0.2 ≤ Mee/(GeV/c2) ≤ 1.0, the respective yield as calculated with the
GENESIS code. The numbers obtained amount to 2.31± 0.19(stat)± 0.55(syst)± 0.69(decays)
and 5.1 ± 1.3(stat) ± 1.0(syst) ± 1.5(decays) for the measurements at 158 A GeV and 40 A
GeV, respectively. Moreover, the spectral shape appeared to be rather featureless above the pi0
Dalitz region, decreasing monotonously by a factor two in yield when going from 200 MeV/c2 to
1 GeV/c2. This observations were taken as strong evidence for the dominance of baryonic effects
over temperature as leading factor for medium modifications of the ρ [240]. Data obtained in a
third run with this 158 A GeV Au on Pb reproduced the earlier findings. The CERES results
demonstrated for the first time the existence of dilepton radiation out of a hot and dense fireball,
but the data could not answer if the radiating medium was dominantly of hadronic or partonic
character. A possible contribution to the excess from a partonic stage could have likely been
outshone by radiation from the hadronic stage. A separation of the two contributions in the LMR
is even more intricate as the spectral distribution of radiation emitted from medium-modified
ρ mesons resembles properties of the radiation of a QGP, once the temperature of the emitting
matter approaches the critical temperature. This not so surprising finding has its origin in the
quark-hadron duality (cf. Sec. 4.4).
A break through in the search for thermal partonic dilepton radiation was achieved with the
NA60 dimuon spectrometer. It grew from NA50, which had taken data for Pb + Au already
but with a strong focus on the IMR and HMR regions. An important finding of NA50 was
the suppression of charmonium production appearing stronger as more central event classes are
selected. Such a signature was conjectured after it had been realized that the presence of a QGP
would prevent the formation of charmonium states out of cc¯ pairs produced in a hard scattering
due to color screening [241]. Attention was also put to the continuum around the pole masses
of the charmonium states. As discussed in Sec. 4.3, both, Drell-Yan pairs and correlated semi-
leptonic open charm decays are the dominant sources of continuum radiation at invariant masses
beyond 1 GeV/c2. However, thermal radiation out of a deconfined phase at temperatures in
excess of Tc will also contribute to this invariant mass region. Yet, a final answer to a possible
existence of thermal radiation could not be given on the basis of the NA50 data, chiefly because
of insufficient knowledge about charm production in heavy-ion collisions in this energy regime.
This situation changed when in 2008 data was taken with NA60 for the collision system
In+In. To improve momentum resolution and pointing accuracy close to the interaction ver-
tex, the existing muon spectrometer was complemented by a high-resolution silicon tracking
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FIGURE 2. Left Panel: Acceptance-corrected invariant mass spectrum of the excess dimuons, inte-
grated over pT , compared with three different sets of thermal-model results in absolute terms. Right
panel: Inverse slope parameter Teff of the acceptance-corrected mT spectra vs. dimuon mass (see [13]
for a discussion of the statistical and systematic errors). Hadron results are shown for comparison.
however, to treat the different sources separately, i.e. after the subtraction procedure, due
to differences in the distributions (open charm, e.g., is completely different).
THERMAL RADIATION
The prime results on the excess data are summarized in Figs.2-4. The pure data aspects
will be discussed first, followed by a coherent interpretation of all results in terms of
thermal radiation further below. The left panel of Fig.2 shows the inclusive invariant
mass spectrum of the excess dimuons for the complete range 0.2<M<2.5 GeV, with
all known sources subtracted (except for the r), integrated over pT , corrected for ex-
perimental acceptance and normalized absolutely to the charged-particle rapidity den-
sity [18]. Compared to an earlier version of the figure [15], the errors have significantly
decreased at low masses, using a 1-dimensional acceptance correction in M based on the
measured correlated M-pT information ([16] and Fig.3). In addition, the subtraction of
the narrow resonances is now based on an improved modeling of the experimental reso-
lution [19], leading to a smoother spectral shape in the region of the f . The left panel of
Fig.3 shows the associated mT spectra for the LMR part, where mT=(p2T+M
2)1/2. The
normalization is arbitrary, allowing for an even spacing of the 10 spectra, but the abso-
lute normalization of their integrals can directly be taken from the mass spectrum. In
contrast to an earlier version of the figure [13, 15], the pT coverage has mostly been ex-
tended to about 3 GeV. The mT spectra for the IMR part are shown in the right panel of
Fig.3 [15, 16]. All mT spectra are, to a very high degree of accuracy [17], pure exponen-
tials for (mT -M) 0.2 GeV [13]. The complete information can therefore be condensed
into one single parameter for each spectrum (determined with a very high accuracy), the
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before acceptance correction, reflecting the in-medium r spectral function averaged over space-time and
momenta. The theoretical predictions also shown are renormalized to the data for M<0.9 GeV. Beyond
0.9 GeV, other physical processes take over.
theory, a centrality selection of 110<dNch/dh<170 has been applied, but the data are
very close to the inclusive data (< dNch/dh >=120) with their much better statistics,
contained in the middle panel of Fig.1. The evolution of the r spectral function with
centrality is discussed in [12, 16]. A peaked structure is always seen, broadening strongly
with centrality, but remaining essentially centered around the nominal pole position
of the r . The rms of the distributions increases monotonically from that of a free r
to almost the value of a uniform spectrum. The total yield relative to the (estimated)
cocktail r increases by a factor of 6-7, reflecting the “r-clock” [26], i.e. the number of
r generations created during the fireball evolution.
Fig.5 also contains the two main theoretical scenarios developed historically for the
in-medium spectral properties of the r , dropping mass [2] and broadening [5], evaluated
here for the same fireball ev lution [27]. The model results are normalized to the data
in the mass inte val M<0.9 G V, ju t to be independent of t e fi eball evolutio . The
unmodified r is clearly ruled out. The broade ing s nario gets emarkably close, while
the d opping mass scenario co pletely fails. This ends a decades-long controversy
about the spectr l properties of ha r s close to the QCD phase boundary, kept activ
solely through i sufficient data quality. The connection to chiral symmetry restoration
remains an open theoretical issue, but the way chiral partners ultimately mix is probably
answered with “complete melting”.
In nuclear collisions, the longer-lived w (23 fm) and f (46 fm) have historically
received much less attention than the r , since most of their dilepton decays occur
after thermal freeze-out. The w suffers, on top, from the strong masking by the much
more abundant (regenerated) r , leaving precision work rather to cold nuclear matter
Figure 21: Left panel: Invariant mass distribution of excess dimuons obtained by NA60 in In+In collisions at
158 A GeV ki etic beam ene gy [54]. The data shown (excess dimuons) is corrected for efficiency, extrapolated
to full phase space and for all collisions with t leas 30 charged tr cks in ne unit of pseudo-rapidity (i.e. leaving
out very peripheral event only). Also shown are model predictions assuming thermal rates calculated for an
expanding fireball and including partonic and hadronic phases. For further explanations see text. (With kind
permission of the European Physics Journal (EPJ)) Right panel: Invariant mass distribution of excess dimuons
reconstruct d in the acceptance of the NA60 detector for semi-central In+In collisions t 158 A GeVin comparison
to models [243]. The lines represent expected yields based on various assumptions: Cocktail ρ (thin solid red),
unmodified ρ (dashed-dotted red), n-medium broadene ρ (thick solid blue), shifted ρ (dotted green). The latter
calculations were normalized to the data in M < 0.9 GeV/c2.
system placed between the interaction region and the hadron absorber. A total of 16 planes of
radiation-hard silicon pixel det ctor [55] we positioned inside a 2.5 Tesla magn tic dipole field.
Muon candidates were found by matching track segments in the vertex tracker and in the muon
tracking section both in position and momentum. This strategy improved the momentum reso-
lution to about 1% for muons with one GeV momentum and also provided sufficient resolution
to discriminate emission from the primary vertex (prompt) from displaced tracks (secondary),
characteristic for muons from weak decays. In about four weeks of running at interaction rates of
around 130 kHz, a total of 2.3 108 dimuon events were recorded for the collision system In(158 A
GeV)+In. Two different magnetic field settings were used to shift emphasis from the IMR to
the LMR.
The high statistics data, providing an integral of 440.000 signal pairs over a wide range of
centralities, allowed for a multi-differential analysis of the dilepton signal for the first time. All
conventional sources, except the contributions from ρ meson decay, were studied in detail and
finally subtracted to obtain a spectral distribution of excess muons, which are expected to be
emitted solely from the hot and dense stage of the fireball evolution. To the conventional sources
belong dimuons from hard processes which contribute mostly to the IMR and decays of mesons
after freeze-out (cf. Secs. 2.3 and 4.1). From inspection of the muon tracks associated with pairs
in the IMR, the contribution from correlated open charm could be quantified. It turned out that
the slope of the dimuon spectral distribution from open-charm decays falls in line with the slope
for the excess radiation while the yields of the two are about the same [54]. Th r lative yield of
Drell-Yan and open char dimu ns was estimated based o resul s of p-A collisions at a higher
energy (450 A GeV) obtained by NA3 and NA50, scaled down in energy using the excitation
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function for Drell-Yan and open charm as calculated with the properly adjusted event generator
PHYTIA [54]. It was found that the spectrometer suppresses contributions from correlated open
charm decay due to an implicit constraint on the muon decay topology, quantified by taking for
each pair the emission angle θCS of the positive muon relative to the beam axis in the N-N center-
of-mass frame (Collins-Soper frame). Only (pseudo) pairs with cos θCS < 0.5 were accepted in
the analysis to minimize edge effects in the reconstruction procedure (fiducial volume). The ratio
of the two contributions was then kept fixed for all centralities and the Drell-Yan yield was fixed
by using the measured J/ψ yield as reference for the Drell-Yan cross section. A fit to the high
mass region of the measured dimuon continuum, i.e. in a region where Drell-Yan dominates over
open charm, was not pursued due to the limited statistics. On the other hand, uncertainties in
the anomalous suppression of J/ψ production introduced a 10% systematic uncertainty of this
procedure. After the subtraction of the so defined contribution from hard scattering processes,
the remaining yield was attributed to thermal excess radiation shown as “excess dimuons” at
invariant masses beyond 1.2 GeV/c2 in Fig. 21. Indeed, this excess radiation can be saturated
scaling both the Drell-Yann and open charm contributions with factors 1.26±0.09 and 2.61±0.2,
respectively. This observation (with different factors) was also made in data taken with NA50 for
the heavier collision system Pb(158 A GeV)+Au. An important additional asset of the NA60
was the very much improved vertexing capability. It helped to rule out charm production as
possible explanation of the observed excess yield. The likelihood of emission from the primary
vertex was quantified by the distance of the reconstructed muon tracks to the primary vertex,
measured in the transverse plane at the position of the primary vertex. It could be demonstrated
that the excess yield is indeed chiefly emitted from the primary vertex and consequently prompt
radiation. The most remarkable result is the near exponential decay of the excess radiation as
it is expected for thermal (black body) radiation (cf. Fig. 21). We will come back to this topic
after the discussion of the LMR dimuons.
The striking feature of the LMR is the structure appearing at 770 MeV/c2, the location of
the ρ0 pole. This is the structure expected from VDM; while the general trend is still exponential
(phase space like), the yield is modulated by the spectral properties of the in-medium ρ meson.
The excess radiation in the LMR emerges above contributions from decays of the long-lived
mesons η, η′ and ω, as discussed above. The ρ0 meson does explicitly not belong to that class and
therefore its contribution is kept as part of the excess yield. The strength of the contributions
from late meson decays in this experiment could largely be determined by inspection of the
dimuon spectral distribution itself, thanks to the excellent mass resolution of 20-30 MeV/c2 in
the vector meson pole region (cf. Sec.). Using precise line shapes obtained from full Monte Carlo
simulations including the detector response functions, the pole mass region was fitted assuming
a smooth underlying excess yield and the two line shapes for the ω →µ+µ−and φ →µ+µ−.
Contributions from η-Dalitz decays were determined by the conservative ansatz that the LMR
yield at invariant masses around 200 MeV/c2 is fully saturated by η-Dalitz decays [242]. This
implies the excess to vanish at very low mass, by construction.
The data set presented in Fig. 21 constitutes a landmark in dilepton spectroscopy. Three
essential observations characterizing the properties of the fireball created in In+In collisions at a
beam energy of 158 A GeVcould be made. We first address the change of properties of mesons in
an hadronic environment and the role of meson baryon coupling herein. The large statistics and
the minimum bias dimuon trigger used in the experiment allowed to study the ρ line shape as
function of centrality of the collision. Indeed, inspecting the spectral distribution of the excess
yield for different centrality classes revealed that the bump structure of the ρ meson in the
(almost) minimum bias distribution depicted in Fig. 21 originates dominantly from peripheral
collisions. For that the excess radiation in the LMR was analyzed in 12 bins of centrality in [244],
with mean multiplicities ranging from 4 ≤ dnch/dη < 10 to 190 ≤ dnch/dη < 240. Invariant mass
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distributions of the excess radiation for different centrality classes show two distinct features; a
broad distribution ranging from the two-muon cutoff at low invariant masses to beyond 1 GeV/c2
(i.e. beyond the poles of the low-mass vector mesons), and a bump structure centered around the
ρ pole. This separation into continuum and bump may be viewed as due to continuum radiation
and dileptons due to decay of quasi-free ρ mesons after chemical freeze-out or throughout in the
periphery of the expanding fireball (corona). The relative yield of the two contributions vary in
a characteristic way suggesting that in central collisions thermal dileptons emitted throughout
the collision shine out contributions from the freeze-out stage. This interpretation is further
supported if the invariant mass spectra are accumulated for dimuons with transverse momenta
below 0.5 GeV/c. In that case the fraction attributed to the so-called freeze-out ρ is even reduced.
This effect would likely be even more prominent if the acceptance of NA60 dimuon spectrometer
would not drop strongly for low-mass, low-pt muon pairs.
A theoretical interpretation of the dimuon invariant mass spectra measured in the acceptance
of the NA60 spectrometer is shown in Fig. 21. As a consequence of the subtraction scheme the
spectrum is assumed to contain essentially only thermal radiation and any contribution from ρ
decay other than thermal, most prominently from ρ mesons at chemical freeze-out. The spectral
distribution is successfully modelled assuming contributions from a hadronic, pion dominated
thermalized fireball. The respective yield is calculated by integrating the emissivity of a hadron
gas at variable temperature and baryo-chemical potential over a conjectured space-time evolution
of the collision zone. The latter is adjusted such as to describe properly a number of hadronic
observables like pion rapidity densities and transverse momentum spectra (see [153] for a detailed
description of the model). The results which incorporate the in-medium spectral function of
the ρ, obtained from hadronic many-body calculations and discussed in Sec. 4.6, is shown in
Fig. 21 as solid (blue) curve (right panel, labeled Rapp/Wambach). Also shown are three further
curves to illustrate the discrimination power of the data against other hypotheses: expected
yield assuming free (unmodified) ρ decay with ρ multiplicities derived from mt scaling (cockt.
ρ), spectral distribution assuming free ρ decays but with a yield normalized to the measured
yield in the M < 0.9 GeV/c2mass range (Vacuum ρ) and ditto but assuming a shift of the ρ
pole mass according to a conjecture (Brown/Rho ρ). It is important to mention here again
that the spectrum is shown in the acceptance of the spectrometer. This is important as it was
demonstrated that the acceptance filter of the NA60 spectrometer roughly cancels the Boltzmann
term in the evaluation of emissivity based on VDM (see e.g. 69 ). Hence, the result essentially
represents the spectral distribution of the in-medium ρ. The yield below masses of 0.6 GeV/c2
therefore reflects ρ strength dominantly caused by a coupling of the propagating ρ to baryon-
resonance hole states. We will come back to this observation in Sec. 6. The obvious mismatch of
the shifted ρ mass distribution with data has been taken as clear evidence for the absence of a
pole mass shift due to a depletion of the chiral condensate as suggested by Brown-Rho scaling.
Lastly, concerning the discussion of the NA60 data, we would like to touch polarization effects
observable through angular correlations of the emitted leptons w.r.t. the collision axis. The
electron distributions in the helicity and Collins-Soper frame were analysed and no significant
anisotropies were found and concluded to be in agreement with those expected for thermal source
[247]. On the other hand theoretical calculations [37], described in Sec. 4.4, show that effects of
only a few percent modulation of the lepton angular distribution are to be expected, depending
on the virtual photon transverse momentum, the invariant mass and flow. Hence, the observed
isotropy of the angular distribution of NA60 strictly speaking is not a proof of thermalization.
5.3.3. RHIC and LHC
Highest center-of-mass energies in collisions of heavy ions are reached at colliders. At the
LHC, the three major experiments ALICE, ATLAS and CMS have full capability for dilepton
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Figure 22: (Color online) Invariant mass distribution of dielectrons reconstructed in the acceptance of the PHENIX
detector for minimum-bias Au+Au collisions at
√
sNN = 200 GeV [47] (a). The solid (black) lines represents the
sum of all cocktail sources including thermal. The yellow band gives the uncertainty in the cocktail estimation.
Thermal radiation should appear above the cocktail, cf. the ratio depicted in (b).
physics, though the latter two with limited sensitivity for low-pt pairs. Yet, the inclusive dimuon
spectrum of CMS, ranging in invariant mass into the TeV region [250], and showing signals for
all vector meson ground states and several excited states, is certainly a landmark of dilepton
spectroscopy. The first results on dielectron production in heavy-ion collisions has recently be
reported by ALICE [249]. The dielectron invariant mass spectrum in the range 0 < Me+e− < 3.5
GeV/c2 has been measured in (0− 10%) Pb + Pb collisions at √(s) = 2.76 TeV. It was found
that the total electron pair signal exceeds the cocktail in the mass range 0.15 < Me+e− < 0.7
GeV/c2 by about 40%. The signal to cocktail ratio, excluding the ρ contribution, was extracted
to be 1.4± 0.28(stat)± 0.27(cocktail). The measured excess has been found to be in agreement
with models including thermal dielectron production from both partonic and hadronic phase with
in-medium spectral function ρ. In the IMR, dominated by heavy flavor decays, the data could
be described by contributions obtained from PYTHIA calculations scaled with the number of
collisions assuming either no or full correlation in the charm decays. The systematic uncertainties
of the measurement prevent any conclusion on the effects of interactions between heavy quarks
and other partons in the medium as both versions of the hadronic cocktail are consistent with
the data. Measurements with significantly improved precision are planned after LHC shutdown
(LS3) with the new TPC and vertex detector [39].
At RHIC, two experiments have measured dilepton spectra, PHENIX and STAR. A historic
outcome of the early heavy-ion runs at RHIC has been the discovery of a strong suppression of
neutral pions with high transverse momentum, relative to the distribution observed in collisions
of protons scaled by the number participant nucleons. It is by now widely accepted that this
quenching of high-pt pi
0 mesons (and other hadrons) is caused by quenching of hard partons
in the QGP formed nearly instantaneously. Many complementary observables have since been
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addressed by PHENIX and STAR to further support this conjecture and even characterize the
properties of this state of matter, in particular also the expected thermal dilepton radiation
in the LMR and IMR. Yet, as will become evident soon, a direct determination of the early
temperature of the fireball by means of slope of the IMR dileptons, like it has been achieved by
NA60, is difficult at collider energies.
Both, PHENIX and STAR have addressed continuum dilepton radiation at central rapidity
by means of electrons. The muon detectors of both experiments are located at large pseudo-
rapidities where the hadron absorbers do not hamper particle identification for charged hadrons
and muons do have sufficient punch. At 200 A GeV Au-Au collisions the fireball freezes out at
around the pseudo-critical temperature Tc ≈ 160 MeV and at close to vanishing baryo-chemical
potential (µB). The measured pi
0 rapidity density in central collisions (Apart = 350) reaches
to 300 [251]. Consequently, substantial combinatorial background arises due to the abundant
electrons and positrons from pi0 Dalitz decays (i.e. about three pairs per central event and unit
rapidity), from incompletely rejected electron and positrons from external pair conversion in
detector material or the beam pipe and due to remaining hadron contaminations of the electron
sample. A Hadron Blind Detector (HBD) in PHENIX had been introduced in particular to
help reducing such background contributions. This detector had been installed nearest to the
interaction point in a field free region. The detector was able to record Cherenkov light emitted
from electron and positron tracks traversing its radiator gas prior to the particles entering the
tracking section of the spectrometer. Matching of candidate tracks in the spectrometer with the
signals in the HBD enables both, pion rejection (if no Cherenkov signal is seen in the region of
interest) and Dalitz (close) pair rejection (if the Cherenkov signal has about twice the strength
as the one expected for singles). The invariant mass of chance combinations can reach to rather
large invariant masses due to random opening angles and eventually large transverse momenta
of individual electrons or positrons. As the pion multiplicity scales linearly with the number of
participant nucleons, the background is expected to increase quadratically. The only strategy at
hand to further suppress such background after all rejection procedures have been applied is to
restrict the pair analysis to pairs with higher transverse momentum. The PHENIX collaboration
has been able to reconstruct the dilepton signal with a signal to background of S/B = 4 10−3
and S/B = 1 10−2 in the continuum regions of the LMR and IMR, respectively. The latter
are the numbers for minimum bias collisions, i.e. without centrality selection. Figure 22 shows
the invariant mass distribution of dielectrons in the acceptance of the spectrometer obtained
by PHENIX in minimum-bias Au+Au collisions at
√
sNN = 200 GeV [47]. The data has been
taken in the year 2010 with the HBD detector in place. The invariant mass distributions for
dielectrons shows a steep decline in the pi0-Dalitz region and a prominent signal from J/ψ decay.
All expected contributions from processes other than thermal radiation are depicted by a full
line. This line also prominently shows peak structures in the low-mass vector meson mass region
were also the data shows respective structures. The accordance of the cocktail with the data can
be judged in the lower panel where the ratio of the two is depicted. Good agreement is shown
throughout the invariant mass range and while of the data points deviates more than one sigma
from cocktail.
The spectral distribution observed for the IMR is in accordance to the data taken in 2004 in
a run without the HBD. The yield in the IMR drops nearly exponentially by about an order of
magnitude over one GeV/c2 in invariant mass. In the IMR, the cocktail contains contributions
from open charm decay and from Drell-Yan processes. Correlated semi-leptonic decay of charmed
mesons dominate this region. The cocktail yield in the IMR region was estimated based on the
dielectron yield measured in p-p reaction at the same collision energy per nucleon pair (see cf. Sec
5.1.1). From the measured yield in p-p the hadronic cocktail (meson decays) was subtracted. The
remaining continuum distribution was extrapolated to zero invariant mass in order to obtain the
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total prompt dilepton cross section. The cross section and invariant mass distribution obtained
in this way was found to be consistent with PYTHIA7. Binary collision scaling was then used to
convert the measured p+p cross section to an estimate for dielectron production from correlated
open charm/bottom decay in Au + Au collisions. A systematic uncertainty arises from this
procedure as it is a priori not known to what extent the transverse momentum distribution of
the open-charm mesons and openning angle of leptons is modified by the nuclear fireball. The
PHENIX collaboration investigated also the effect of open-charm thermalization on the spectral
distribution of the respective dielectron invariant mass. Generally, quasi-correlated pairs from
thermalized matter show a softer dielectron mass distribution since their average opening angle
and transverse momenta are smaller. Details of the procedure are reported in [199]. The meson
pair is expected due to their interactions in the medium. PHENIX estimated this effect by
assuming two extreme situations, namely a full thermalization of the DD¯-mesons and a fully
unmodified distribution as obtained from initial hard scattering. From the comparison of data
to cocktail it appears that for this minimum-bias sample no evidence for medium radiation was
found in IMR. In the invariant mass range 0.2 < Mee < 1 GeV/c
2 all data points lie above
the cocktail and signal contributions from thermal radiation. Integration of the excess reveals
that the dilepton yield is significantly higher than the cocktail. The PHENIX collaboration
derives an Enhancement Factor (ratio of the integrated yields) of 1.7 ± 0.3 (stat) ± 0.3 (sys) ±
0.2 (cocktail) and 2.3± 0.4 (stat)± 0.2 (sys)± 0.2 (cocktail), depending on the assumption made
for the production cross section for open charm. Stronger contributions of thermal radiation are
expected if more central collisions are selected. Indeed, for the 0-10 % most central collisions
the Enhancement Factor rises to 2.3± 0.7 (stat)± 0.5 (sys)± 0.2 (cocktail) and 3.2± 1.0 (stat)±
0.7 (sys)± 0.2 (cocktail), respectively. The quoted errors for the measurement are a combination
of statistical and systematic uncertainties as well as uncertainties due to model assumptions and
are as large as 40% (quadratic average).
The dielectron invariant mass distribution measured by the STAR collaboration for
√
sNN =
200 GeV minimum bias collisions is shown in Fig. 23 together with the hadronic cocktail [252].
In the LMR one can see also see an access which amounts to 1.76 ± 0.06 (stat) ± 0.26 (sys) ±
0.29 (cocktail) when integrated in the 0.3 − 0.76 GeV/c2mass region (without inclusion of the
vacuum ρ contribution). The data and the estimated cocktail are in accordance with the measure-
ment of the PHENIX collaboration, yet showing higher significance. STAR has used a different
variant of PYTHIA8 and appears to lie slightly below the data. In the STAR acceptance, which
does not put a strong bias on the IMR spectral distribution at mid-rapidity, the effect of thermal
radiation amounts to about 10-20% of the cocktail for minimum bias collisions. The yellow band
in the lower panels depicts the uncertainty of the cocktail determination which appears to be of
same size than the thermal radiation relative to the hadronic cocktail, i.e. in the yield and shape
of the contributions from correlated open heavy-flavor decay (dominantly charm). The situation
can be improved if a substantial fraction of the open charm contribution is rejected making use of
the displaced vertex of semi-leptonic decays of charmed mesons. To achieve sufficient separation
power for the secondary vertices, a dedicated micro vertex detector needs to be employed. STAR
has taken data in 2016 with the Heavy Flavor Tracker (HFT) installed in the STAR barrel. The
analysis has been ongoing by the time this report was published.
7Code version 6.319 with cteq5l parton distribution functions. Details of the settings are reported in [47]
8Code version 6.419 with cteq5l parton distribution functions. Details of the settings are reported in [252]
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FIG. 28. (Color online) Invariant mass spectrum in the STAR acceptance (peT > 0.2GeV/c, |ηe| < 1, and |yee| < 1)
from
√
sNN = 200GeV Au+Au minimum-bias collisions. The mass spectrum is compared to the hadronic cocktail
simulations without (upper left panel) and with (upper middle) the vacuum ρ contribution (upper right is an expanded
version of upper middle belowMee of 1.4 GeV/c
2). The vertical bars on data points depict the statistical uncertainties,
while the systematic uncertainties are shown as green boxes. Yellow bands in the bottom panels depict the systematic
uncertainties on the cocktail. The dashed line indicates the charm decay dielectron contribution from Pythia [32]
calculations and scaled with Nbin.
SPS and RHIC.
The QGP contribution to the dilepton spectra
has often been calculated perturbatively via Born
q + q¯ annihilation at leading order. Various ap-
proaches have been studied to take into account
high-order contributions at finite T − µB [48]. The
QGP contribution is expected to become sizable for
M > 1.5GeV/c2 at top RHIC energies due to a well
established partonic phase.
There have been many model calculations for di-
electron production at RHIC, with particular focus
on the low mass region. We group these models into
two categories and describe their features and pre-
dictions separately below.
Category I: Macroscopic effective many-body the-
ory models. In these models, the dilepton produc-
tion in the hadronic medium is calculated via elec-
tromagnetic correlators based on the Vector-Meson
Dominance Model (VDM) approach. Assuming
a thermal equilibrated hadronic medium, dilepton
rates are determined by the ρ meson propagator in
the medium, which depends on the interactions of
the ρ with mesons and baryons in this medium at
finite T and µB. It has been shown that the re-
sulting broadened ρ spectral function is mostly due
to the interactions with the baryons rather than
the mesons [49–51]. Thus, the medium total-baryon
density, and not the net-baryon density or µB, is the
critical factor in determining the dielectron yield in
the heavy-ion collisions at these energies.
Dilepton production in the partonic phase is
mostly calculated via perturbative qq¯ annihilation
with some improved corrections. It has been demon-
strated in these calculations that the dilepton rates
from the hadronic medium, extrapolated bottom-up
to Tc, should be equivalent to the rates from the par-
tonic medium, extrapolated top-down to Tc. This
is referred to as the “parton-hadron” duality [49].
The final resulting dielectron yields for observation
are calculated via the integral over the full space-
time evolution for this medium. We have chosen
one model calculation from Rapp [52] from this cate-
gory in the following comparisons to our data. Some
of the key ingredients in this model calculation are
listed below:
• Initial spectral functions were fixed using the
measurements from e+e− collision data [11].
• Space evolution was chosen to be a cylindrical
expanding fireball [18]
• The latest Lattice QCD Equation-of-State
(EOS) was used, in particular lower Tc (170
MeV) and Tch (160 MeV) values were cho-
sen in the calculations shown here, which are
slightly different compared to previous calcu-
lations from this same model.
• QGP radiation from the partonic phase was
updated as well, and using the choice of the
latest Lattice QCD EOS.
There are several other model calculations avail-
able in this category: some models chose differ-
ent initial spectral functions [51], and several of
Figure 23: (Color online) Invariant mass distribution of dielectrons reconstructed in the acceptance of the STAR
detector for minimum-bias Au-Au collisions at
√
sNN = 200 GeV in comparison to hadronic cocktail (left) [252].
The LMR region is zoomed in the right panel. The vertical bars shows st tistical error while the green boxes
display systematic uncertainty. The ratio of data to the cocktail is shown in the lower panel.(figure from APS)
6. Status and Open Questions
A capital goal of studying dilepton emission in heavy-ion collisions is to “trace” the evolution
of the expanding fireball in the QCD phase diagram. Approaching this goal requires to un-
ambiguously understand dilepton emission from thermalized QCD matter at given temperature
and chemical potential and, by this, to establish dilepton emission as standard candle of QCD
matter. As discussed in Sec. 4, a proper description of the in-medium ρ meson propagator is key
to approaching this challenge. Strict VDM provides a good basis for the theoretical modelling
of the emissivity of hadronic matter (Sec. 4.1.1. According to VDM, the dominant fraction of
dilepton emission in the LMR is emitted via intermediary ρ mesons. They are produced in an-
nihilations of pions (pi+pi−) or in decays of hadron resonances like e.g. a1 → piρ or N∗ → Nρ.
The s cond important and independent goal of dilepton spectroscopy is to explore the limits
of hadronic existence by studying the in-medium ρ propagator. It can provide insight into the
role of a (partial) restoration of the dynamically broken chir l symmet y on the h dron prop-
erties (Sec. 4.5). Thermal radiation from a partonic medium dominates the thermal radiation
in the IMR and is an important observable as well. In contrast to emission from a hadronic
medium, the modelling of partonic processes is more straight forward as composite objects are
not involved. In particular, at vanishing baryo-chemical potential it can directly be computed
by lattice QCD. The current-current correlator is structureless and hence the extraction of the
source temperature straight forward (Sec. 4.4). However, a challenge of dilepton spectroscopy
in the IMR is to determine with high enough precision the contribution from correlated open
charm (Sec. 4.3). In the following section we compare experimental results to model calculations
and focus on multi-differential dilepton observables. For this comparison we have chosen two
theoretical approaches, which both provide a description of dilepton emission for all collision
energies studied so far.
69
Thermal expansion models
The first category of models assumes an expanding, (locally) thermalized fireball and conse-
quently focuses on describing the thermal radiation only. Respective dilepton spectra are cal-
culated through a four-dimensional (space-time) integration of the emissivity defined for equili-
brated QCD matter at given temperature and chemical potential cf. Sec. 4.4. For energy den-
sities, at which the system is expected to be in a hadronic state, the most essential theoretical
ingredients are the in-medium spectral functions of vector mesons, most notably the ρ meson.
To address in particular ρ − a1 mixing, invariant masses beyond 1 GeV/c2 are to be investi-
gated where multi-pion processes contribute. The reference model for calculating emissivities of
hadronic matter is the one developed by Rapp and Wambach providing evolution of the vector
current correlator as a function of the temperature and chemical potential (cf. Sec. 4.6). We
remind that the evolution of the spectral function is governed by the temperature and effective
baryon density, not the net-baryon density. For the radiation from the QGP phase annihilation
of qq¯ into dileptons is taken into account.
The second essential ingredient for such calculations, besides the emissivity, is the description
of the fireball evolution in the T– µB plane. The reference calculations to describe the expansion
of the collision zone in reactions at ultra-relativistic energies are solutions of relativistic hydro-
dynamics with suited definitions of the initial thermalized state. Such calculations are very
involved and CPU-hungry and go well beyond simple descriptions to study thermal dilepton
radiation (for details see e.g. [20, 17]). For systematic studies of thermal radiation, over a
wide range in beam energy, a common (simplified) strategy is to define an initial volume of
cylindrical shape (following the concept of boost invariance) with given initial energy density
and chemical potentials. The dynamics of the fireball is then obtained by implying isentropic
expansion and using a partonic as well as a hadronic equation-of-state for the QGP and hadronic
phase, respectively. Details of such an expansion model can be found e.g. in [153]).
An alternative method to model the fireball expansion is realized by coarse-graining micro-
scopic transport calculations (cf. Secs. 2, 4.4). It bridges between the above described simplified
approach and fully microscopic calculations addressed below. In this approach, temperatures and
chemical potentials are derived via microscopic transport models by sampling the partition func-
tion in space-time cells over a large ensemble of events simulated for the exactly same event class.
In a second step, the intensive parameters T and µ are calculated in each cell from the particle
abundancies, their phase space distribution or using an appropriate EOS. An important aspect
in this procedure is to evaluate the degree on thermalization for a given cell. The assumption of
thermalization enters the emissivity calculation in two aspects: The calculation assumes thermal
(grand-canonical) particle densities and respective momentum distributions when degrees of free-
dom are integrated out. To allow application of the thermal rates the respective criteria should
be approximately fulfilled, a strict thermalization condition is not applied in the calculations.
Remaining effects have to be taken as model uncertainties as it is also not a priori clear, that the
true phase space distribution is realized in microscopic transport calculations based on a quasi-
classical approach. In the coarse-grain calculations discussed here, thermalization is evaluated
inspecting the pressure isotropy in each cell. To derive the density in each cell, the respec-
tive sampled particle distribution of each cell is boosted in its (individual) center-of-momentum
frame. Different procedures have been used to determine the respective temperatures: In [59]
(GSI-TAMU group) the pion spectra in the local rest frame where fitted with a Boltzmann dis-
tribution, while in [255] (Frankfurt group) the temperatures and baryo-chemical potential where
derived from the local baryon density and energy density using a hadron gas equation of state.
Finally, the thermal radiation rates are applied to each cell and integrated of the full space-time
evolution. An advantage of this approach is that it allows to apply thermal emissivities also in
case of collisions at low beam energies where the assumption of a globally thermalized fireball is
70
5)2 (GeV/ceeM
0.2 0.4 0.6 0.8
-
1 )2
(Ge
V/c
ee
/dM
ex
ce
ss
pi4
dN
0 pi
1/N 6−10
5−10
4−10
3−10
=2.42 GeV   0~40%NNsAu+Au 
ω - η- NN ref. - 
B2.1 MeV/k±= 71.8slopeT
:ρVacuum 
HSD
SMASH
:ρIn-medium 
CG FRA
CG GSI-Texas A&M
CG SMASH
HSD
 +∆ coll.broad. + ρ
N)piBremss. (NN, 
FIG. 3: Black squares: Acceptance corrected dilepton excess
yield extracted by subtracting η, ω contributions as well as
the NN reference normalized to the number of neutral pi-
ons. ρ (”free” spectral function) contribution from HSD [27]
(green dashed curve) and from SMASH [38] (dark blue dashed
curve) transport model calculations normalized to the respec-
tive number of neutral pions. Solid green curve: incoherent
sum of ∆→ Ne+e−, NN- and piN-bremsstrahlung and ρ (col-
lisional broadening scenario) contributions from HSD. Multi-
ple ∆ regenerations are assumed in the model. The blue [39],
pink [40] and dark blue [38] curves show the results of three
versions of coarse grained calculations using different concepts
for obtaining the thermal parameters.
croscopic transport model) would either have to assume310
even stronger collisional broadening of ρ mesons (Fig. 3,311
green curve) or realize a substantially reduced ρ produc-312
tion. On the other hand, the excess radiation can be313
satisfactorily described assuming thermal emission rates314
folded with a space-time evolution of the fireball de-315
rived from coarse-graining microscopic transport calcu-316
lations (UrQMD, SMASH) [38–40]. The coarse-graining317
method, though at somewhat smaller beam energy, was318
however questioned in earlier studies [41, 42]. The emis-319
sivity of matter is given by the thermal average of the320
in-medium ρ propagator [5]. This approach agrees well321
with data in the region Mee > 0.3 GeV/c
2 but system-322
atically overshoots the measurement for small invariant323
masses and will have to be further investigated.324
At ultra-relativistic energies it is well established that325
the spectral slope of the excess radiation provides a true326
thermometer of the fireball [43, 44], unaffected by the327
blue-shift produced by the collective expansion of the328
medium (Mee is a Lorentz-invariant quantity). A fit of329
dNee/dM ∝ (M)3/2 × exp(−M/T) [39] to the data yields330
an inverse slope parameter of Tslope = 71.8±2.1 MeV/kB331 (
χ2/ndf = 13.2/17
)
.332
We now turn to the centrality dependence of the excess333
radiation. The excess yields are integrated in the range334
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FIG. 4: Integral of the excess yield in the mass window
0.3 ≤ Mee ≤ 0.7 GeV/c2 as a function of 〈Apart〉. Horizontal
lines represent statistical uncertainties, rectangles systematic
(both on the integral and on 〈Apart〉). The filled rectangle cor-
responds to 40% most central events (red and black squares
correspond to two independent PID analysis).
0.3 ≤ Mee≤ 0.7 GeV/c2 and are presented as a function335
of the average number of participating nucleons, 〈Apart〉,336
in four centrality bins [30] in Fig. 4. The choice of this337
integration window is motivated by achieving most sen-338
sitivity for in-medium modifications of the ρ spectral dis-339
tribution [45], but also in view of a possible relation of340
the dilepton yield to the lifetime of the fireball. Indeed,341
according to the model calculations [44, 46, 47] dilepton342
yield in the low-mass region is proportional to volume343
convoluted with time of radiation process (V ∗ τ). Fig-344
ure 4 reveals a non-trivial behavior of the excess pair-345
production, e.g. the excess yield scales faster then lin-346
ear with 〈Apart〉. We quantify this finding as Nexcess ∝347
〈Apart〉α with α = 1.44± 0.17 (dashed line) indicating a348
larger and/or longer-living medium towards more central349
collisions. Notably, the α parameter is found to be within350
errors the same as found for RHIC energies [13]. Further-351
more, the absolute value of the excess yield normalized to352
the number of produced pions is comparable to the one353
reported in [48]. Though the temperature at top RHIC354
energy is by a factor of 5 higher than at SIS18, this gain355
factor seems to be compensated at lower energies by a356
longer lifetime of the system.357
In summary, this Letter presents the first dilepton358
spectra from Au+Au collisions probing the high-µB re-359
gion of the QCD phase diagram. Although at these en-360
ergies only about 10% of the charged particles in the fi-361
nal state are mesons (chiefly pions), we observe a strong362
excess yield of nearly exponential shape. This obser-363
vation is well described assuming decays of ρ-mesons364
which are substantially modified in the medium due to365
362 H. van Hees, R. Rapp / Nuclear Physics A 806 (2008) 339–387
Fig. 7. (Color online.) NA60 excess dimuon spectra [13] in semicentral (upper panel) and central (lower panel) In–In
collisions at SPS compared to theoretical calculations using an in-medium e.m. spectral function. The individual con-
tributions arise from in-medium ρ-mesons [24] (dash-dotted red line), 4π annihilation with chiral V –A mixing (dashed
blue line), QGP plus correlated open charm decays (dotted orange line) and Drell–Yan annihilation (solid turquoise line);
the upper dashed brown line is the sum of the above, while the solid purple line additionally includes in-medium ω
and φ decays as well as freeze-out plus primordial ρs (solid black line). In the semi-central data, the uncertainty due to
the η cocktail subtraction is indicated by the open and filled data points (the former are based on an estimated η yield at
high qT while th latter r present an upper limit on the η by subtracting th imuon spectrum to zero at threshold).
function describes the experimental spectra well, but the absolute yields have been overestimated
by ∼30%. This discrepancy has been resolved [15] by increasing the transverse fireball expan-
sion (a⊥), reducing the fireball lifetime to about 6–7 fm/c, cf. Section 4. In addition, the larger
transverse expansion leads to harder emission spectra in qT , which will be helpful in understand-
ing the qT spectra, as discussed in the following sections.
Fig. 7 summarizes our results for the mass spectra in semicentral and central In(158 A GeV)–
In collisions, computed for the EoS-A scenario (Tc = Tch = 175 MeV). The modifications rela-
tive to our previous work [15] are: (i) the freeze-out ρ has been separated from the in-medium ρ
contribution, (ii) primordial ρ and (iii) Drell–Yan contributions have been added. As a result of
the separation (i), the thermal emission lifetime is now slightly smaller, 6.5(6.2) fm/c for central
Figure 24: Dilepton invariant mass distributions of the excess radiation in LMR extracted for various beam
energies and collisions systems in comparison to model calculations described in more details in text: upper left:
Au-Au at
√
sNN = 2.4 GeV GeV( data HADES coll.) [235], upper right: Pb-Au at
√
sNN = 17.3 GeV [237]
(data CERES coll.) [153], bottom left: Au-Au at
√
sNN = 200 GeV [252] (data STAR coll.) (figure from aps)
and In+ In at
√
sNN = 17.3 GeV (data NA60 coll.) [195].
not justified (cf. Sec. 2.1). Com arisons of th t o approaches discussed above for RHIC/SPS
energies provide consist nt results on dilepton emission ra es, despit s me significant differences
in the modelling of expansion process like for example the time evolution of the pion and kaon
fugacities. Therefore, the authors conclude that dilepton spectra are not very sensitive to details
of the space-time evolution (for details see [255, 59, 76, 151, 256])
Microscopic transport models
The second category are microscopic transport calculations. Such models incorporate non-
equilibrium effects by propagating in ividual quasi-particle , including e n-fi lds and two-body
interactions, by solving the Boltzmann-Ueling-Ulenbeck equation (cf. Sec. 2). Here we take as
an example the Parton-Hadron String Dynamics (PHSD, equivalent to HSD in the hadronic
phase) [77, 194, 195] and the recently developed SMASH code. Transport calculations do not
require the assumption of local thermalization and take into account modifications of the spec-
tral distribution of the quasi-particles due to the surrounding medium in an empirical way. In
PHSD, off-shell particles are propagated using a method inspired by the kinetic theory devel-
oped by Kadanoff and Baym, as discussed in Sec. 4.7. Spectral distributi s for hadrons can
be explicitly broadened and/or shifted in mass d pending on e local density. The former e-
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sembles collisional broadening while the latter has been introduced to mimic possible effects on
the mass distribution originally proposed by Brown and Rho (cf. Sec. 4.4). The dynamics in
the partonic phase is calculated within the Dynamical Quasi-Particle Model (DPM), where par-
tons have finite masses with spectral functions which in turn depend e.g. on temperature. The
parametrization of the the spectral density is adjusted to fit the lattice EOS and the running
coupling constant. The finite width of partons is essential to reproduce in this model a small ratio
or the shear viscosity to entropy ratio which results in hydrodynamical evolution of the partonic
phase (for details for the model see [257]). With this microscopic ansatz the full evolution of
the fireball, from initial hard scatterings of partons, through a dense medium including a pos-
sible QGP hadron-gas phase transition up to the transition to a non-interacting gas of hadrons
can be simulated. The coupling of the electromagnetic currents of the hadrons to dileptons is
usually calculated in a perturbative approach. It means that dilepton emission is calculated in
a “second round” by inspecting the full collision history of an event and calculating the dilepton
emission based on known (or estimated) branching ratios for leptonic or semi-leptonic decays of
hadrons. The dynamics of the hadrons is not modified. In addition, dileptons are also radiated
from nucleon-nucleon elastic collisions (”quasi-elastic” bremsstrahlung) using the Soft Photon
Approximation. Dilepton production in the partonic phase include, besides Born terms, also
interactions with gluons (e.g. qq¯ → γ∗ + g and q(q¯)g → γ∗ + q(q¯)). The most striking influence
of finite parton masses on dilepton production is visible in the invariant mass distribution where
a mass threshold in the infrared occurs and the production cross section at low masses increases
w.r.t. results obtained from perturbative calculations.
6.1. In-medium properties of the ρ meson
The investigation of the in-medium ρ spectral function has been the central motivation of
dilepton spectroscopy at moderate beam energies. While results on medium-modifications of
vector mesons in cold nuclear matter are still not fully conclusive, particularly at low energies
(cf. Sec. 5.2), dilepton data obtained in heavy-ion reactions paint a rather clear picture. In all
experiments, from
√
sNN = 2.4 GeV to
√
sNN = 200 GeV, contributions to the dilepton yield
attributed to ρ decay show a strong broadening such that no conclusion on a possible shift of
its pole mass can be drawn. The consistent theoretical description of the LMR excess radiation
in the full energy range, based on the thermal average of the in-medium ρ propagator, provides
strong evidence for substantial modification of the ρ through its coupling to the hadronic heat
bath. Additional ρ strength, well below the ρ pole mass, develops through coupling to baryon-
resonance hole states. This feature of the in-medium ρ propagator provides an explanation why
the broadening is strongest for the lowest beam energy. In such collisions, the incoming nucleons
are stopped in the Center of Mass to a high degree while pionic excitations are present but
not dominating the dynamics. In case of such high baryonic densities pionic excitations are
substantially modified and a clear separation between pion nucleon and baryon-resonance (hole)
states does not exist anymore.
The spectra were obtained, in clock-wise order, by HADES for Au-Au collisions at
√
sNN =
2.4 GeV [235], by CERES for Pb+Au collisions [237], and NA60 for In-In collisions [242], both at√
sNN = 17.3 GeV, and by STAR for Au-Au collisions [252] . Note that all spectra, but the one
from NA60, were obtained for dielectrons and that the HADES spectrum is shown in logarithmic
representation owing to the low average temperature resulting in a strong enhancement of low-
mass dileptons
The comparison of data with model calculations based on the coarse grained approach and
microscopic in-medium spectral functions show a good agreement with the data as well in shape
as in absolute yields, except for some excess visible at small invariant masses measured by HADES
and displayed in Fig. 24 (consistently for various flavours of coarse grained calculations: violet line
72
CG FRA [76], blue line CG GSI-Texas [59], dark blue CG SMASH [258] ). Indeed, the HADES
spectrum, when compared to results of model calculations using the coarse grained approach,
reveals the most striking observation: The spectral distribution is falling of exponentially and
monotonously. In view of the underlying emissivity this occurs if the weighted in-medium spectral
function of the ρ ImDρ/M
2
`` is approximately constant, or only slowly varying, as function of
invariant mass (cf. (69) and (72)). Indeed, a fit of the Boltzmann function fB (solid red line)
converges for a temperature of 72 MeV/kB. Further evidence for a broadening of the ρ provides
the comparison to microscopic transport calculations using vacuum spectral functions for the ρ.
The respective results are shown as dashed curves for HSD and SMASH. While HSD uses a cut-
off in the free spectral function at M = 2mpi, SMASH includes coupling to baryon resonance (see
discussion in cf. Sec. 5.1.3) and consequently the mass spectrum is cut off by the dielectron phase
space only. Both calculations reveal a structure around the ρ meson pole mass, not supported by
data, and do not explain the observed yield towards small invariant masses. In such microscopic
calculations, additional contributions to the excess radiation are expected from bremsstrahlung
and from multiple ∆ generation in the dense phase of the collisions , as already suggested for
explanation of the Ar + KCl data (see cf. Sec. 5.3). The sum of the respective contributions
is shown for the HSD case. Summing the contributions, the low-mass region of the data is
well described, too. However, the bump structure is only partly reduced if a strong collisional
broadening is additionally assumed in the calculation [195]. It is important to underline that
the calculation of the emissivity based on the in-medium ρ propagator includes consistently also
graphs with bremsstrahlung and the ∆ resonance in the calculations of the in-medium self energy.
Hence, additional treatment of these processes in case of coarse grained approaches would mean
to double count contributions. 27
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FIG. 29. (Color online) Dielectron mass spectrum in 200GeV minimum-bias Au+Au collisions compared to the
hadron cocktail plus the hadronic medium and partonic QGP contributions calculated from Rapp (upper left panel)
and PHSD (upper right panel) models. Yellow bands in the bottom panels depict systematic uncertainties on the
cocktail.
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FIG. 30. (Color online) Left panel: Invariant mass spectra from
√
sNN = 200GeV Au+Au minimum-bias collisions
in different pT ranges. The solid curves represent the cocktail of hadronic sources and include the charm-decayed
dielectron contribution calculated by Pythia scaled by Nbin. Right panels: The ratio of dielectron yield over cocktail
for different pT bins, and the comparison with model calculations. The gray boxes show the systematic uncertainties
of the data. Yellow bands depict systematic uncertainties on the cocktail.
Figure 25: Dielectron invariant mass distributio of the excess radiation from Au-Aucollisions t
√
sNN = 200 GeV
GeVin comparison to model calculations based on thermalized fireball model and PHSD calculations [252].
How does the situation change for excess radiation investigated at ultra-relativistic collision
energies? Continuing clockwise in Fig. 24, the respective mass distributions are depicted for
collisions at SPS at an beam energy of
√
sNN = 158 GeV for the case of dielectrons (CERES)
and dimuons (NA60), where the latter data is compared with two different types of model
calculation (shown in the bottom row). The CERES spectrum is compared to a calculation
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based on thermal emissivities [153] using the isentropic expansion model. While the statistical
precision of the CERES spectrum is just about good enough to discriminate between a scenario
with (labelled as “total”) and without including coupling to baryons (“no bar ρ”), yet the data
point at 150 MeV/c2 seems to support the observation of HADES of a strong excess yield
at low-masses due to the ρN ↔ N∗ loop in the ρ in-medium self energy. Contributions from
Drell-Yan and QGP radiation are not subtracted here but seem to contribute little as can be
appraised from the respective contributions also shown in the theory cocktail (DY, QGP). The
model calculation also suggests little contributions due two multi-pion annihilation (4pi mix).
More information about the origin of the radiation in LMR and IMR can be extracted from
the high-statistics NA60 data. In the lower right panel, the respective data are compared to the
same Rapp/Wambach model, yet with a more elaborate tuning of the fireball expansion model.
This has been achieved by addressing at the same time dimuon invariant mass and transverse
momentum spectra. Most importantly, the expansion velocity of the fireball has been increased
as to better match the slope of the pt distributions. For details about the expansion model
see [153]. Compared to the calculation shown in Fig. 21, which is based on the same emissivity
but uses an earlier parameter set for the expansion model and focusing on ρ contributions only,
here also the high-mass region of the experimental distribution is well reproduced. The successful
description of the dimuon yield above 1 GeV/c2 is due to including contributions from open-
charm decay, QGP radiation (labeled “QGP+DD”) and multi-pion decays in a consistent way.
The latter is an interesting contribution since the yield might be affected by the degree of ρ− a1
mixing. Note also that the bump at the ρ pole mass is explained as being due to primordial ρ
mesons produced in first chance collisions and escaping the fireball as well as due to decays of ρ
mesons after chemical freeze-out, the so-called cocktail ρ. Overall, thermal radiation makes up
only about 50% of the total IMR excess yield. As discuss already before, the peak and low-mass
side of the spectral distribution is well described by the ρ contributions with evidence for ρ
baryon coupling. The lower-left panel shows again the NA60 data, i.e. for semi-central collisions
but here compared to results obtained with HSD and PHSD. The experimental line shape around
the ρ pole mass and below is here obtained by explicitly broadening the free ρ spectral function
(collisional broadening). The degree of broadening is adjusted as to best reproduce the data. Also
the HSD calculation for hadronic contributions falls short of saturating the yield in the high mass
regime. Only after inclusion of radiation from a plasma phase, included in the calculations, the
yield at 1 GeV/c2 and beyond is explained. Note, however, that details about the composition
of this part of the radiation is not given. More details of the calculation can be found in [195].
The comparison of the NA60 data to both model calculations clearly disfavor a dropping-mass
scenario as already discussed in the previous section (cf. Sec. 5.3.2). Since the emitting source
(fireball) has non-vanishing baryon densities at all energies, and since the ρ mesons couple to
baryons and antibaryons in the same way, the ρ spectral distribution acquires also at SPS a
significant broadening (cf. Sec. 5.3.2), yet with less emphasis of the low-mass tail of the spectral
function compared to the case at SIS18 energies (HADES). In the latter case, ρ like virtual
states in the vicinity of baryons (cloud) decay to virtual photons. This is the picture behind
VDM in baryonic transitions, for which a thorough proof has still to be provided. Hence, the
very low-mass region is of particular interest for studies of baryon-driven effects.
Last, in Fig. 25 the centrality integrated dielectron yield obtained by STAR for
√
sNN =
200 GeV Au+Au collisions is compared to both the Rapp/Wambach model (left panel) and to
PHSD (right panel) [252]. While both calculations achieve a satisfactory agreement with data
concerning the integral yield, the underlying contributions are assessed quite differently. This is
in particular true for the radiation from the partonic phase. The dielectron excess in the LMR
is well described based on the thermal emission rates and the expanding fireball model used for
SPS energies (with adjusted initial parameters for RHIC). Also for this collision system, where
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their absolute level. The errors due to the background
subtraction are about the same as the statistical errors of
the fine-bin data (!7 MeV). The errors associated with
the subtraction of the decay sources, though significant
for the yields (see above), lead to errors of only
1– 4 MeV for Teff (dependent on the source), due to both
the mostly local nature of the subtraction and the closeness
of Teff for dimuons and hadrons (see Fig. 4). All other error
sources considered—relative acceptance, the sensitivity to
the input y distribution, cuts vs no cuts in y (none are used),
cuts vs no cuts in cos!CS (none are used)—also lead to
differences considerably smaller than the statistical errors.
A correction for Drell-Yan, using an extrapolation down to
M< 1 GeV [17], would systematically lower the values by
5–10 MeV, depending on mass.
The results displayed in Fig. 4 can be summarized and
interpreted as follows. The slope parameter Teff rises
nearly linearly with mass up to about 270 MeV at the
pole position of the ", followed by a sudden decline to
values of 190–200 MeV for masses >1 GeV. The excess
yield in the mass region 0:2<M< 0:9 GeV has generally
been attributed to thermal radiation from the fireball,
dominated by pion annihilation #"## ! "! $"$#,
and the NA60 data, before acceptance correction, have
directly been interpreted as the space-time averaged in-
medium spectral function of the " [4]. Following earlier
work [3], they are now nearly quantitatively described by
the newest theoretical developments [17–19]. The linear
rise of Teff withM over the whole region up to the " peak is
reminiscent of radial flow of a hadronic source.
While the hadron data show a similar linear rise, their
absolute values are surprisingly close to the excess values,
contrary to the expectation for the temperature-flow fold-
ing expressed in the introduction. The seeming contradic-
tion can be resolved by comparing the (free) " itself rather
than the other hadrons with the in-medium emission. This
" is accessible as the peak on the broad continuum (Fig. 1),
generally interpreted as the freeze-out " without in-
medium effects [17–19]. By disentangling the peak from
the continuum as done before [9,10], we find Teff $ 300%
17 MeV for the peak and 231% 7 for the underlying
continuum in the window 0:6<M< 0:9 MeV. The high
value of the peak, added as a further hadron point into
Fig. 4, should then be interpreted as characteristic for the
true freeze-out parameters of the fireball, implying the %,
!, and & to freeze-out earlier, due to their smaller cou-
pling to the pions. By modeling a " with this temperature,
its contribution can be subtracted from the total for each
of the finer binned data points in Fig. 4, lowering Teff by
4–20 MeV depending on the closeness to the pole, and
shifting the maximum of the resulting ‘‘in-medium’’ values
up to the mass bin just below 1 GeV. In any case, the large
gap in Teff between the vacuum " and the excess points
(corrected or not for the subtraction) restores the expected
difference between a freely emitted hadron and its in-
medium decay part, making the observed linear rise of
Teff with M now consistent with the expectations for radial
flow of a hadronic source (here ##! ") decaying into
lepton pairs. Theoretical modeling of our results is under
way [17–19], but does not yet describe the data in a
satisfactory way.
It is interesting to note that the large gap of>50 MeV in
Teff between the vacuum " and the ! (same mass) de-
creases toward the peripheral window, but only closes for
the lowest peripheral ‘‘pp-like’’ selection 4< dNch=d%<
10 shown in Fig. 3 (lower panel), with Teff $ 198%
6 MeV for the " and 201% 4 MeV for the !. This implies
that both the ‘‘hot "’’ and the low-mT rise discussed before
are intimately connected to pions, disappearing together as
the ## contribution to " production vanishes (with only
the cocktail " left).
The sudden decline of Teff at masses >1 GeV is the
other most remarkable feature of the present data.
Extrapolating the lower-mass trend to beyond 1 GeV, a
jump by about 50 MeV down to a low-flow situation is
extremely hard to reconcile with emission sources which
continue to be of dominantly hadronic origin in this region.
If the rise is due to flow, the sudden loss of flow is most
naturally explained as a transition to a qualitatively differ-
ent source, implying dominantly early, i.e., partonic pro-
cesses likeq!q! $"$# for which flow has not yet built up
[18]. While still controversial [17], this may well represent
the first direct evidence for thermal radiation of partonic
origin, breaking parton-hadron duality for the yield de-
scription in the mass domain.
In conclusion, we have found strong evidence for radial
flow in the region of thermal dilepton emission which has
previously been associated with the " spectral function.
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Figure 26: Systematics of slope parameters (Teff ) extracted from the pt distribution of dimuons originating
from different sources as function of invariant mass M . Full symbols correspond to the systematics of the excess
radiation and is presented for bins in invariant mass. Open circles depict slopes connected to identified mesonic
dilepton sources. See text for further explanations.
the highest initial temperatures are reached, the spectral di tr bution of the access suppor s a
broadening of the ρ driven by b ry ic eff cts. These findings prov de s riking evidence that the
dominant role in the emission of dileptons from the fireball, as expected, is played by radiative
decays of in-medium ρ mesons throughout the full energy range. A similar agreement with data
is achieved also with PHSD, despite the completely different approach (right panel). Striking is
here the cut-off for thermal partonic radiation at low invariant masses related to the fact that
partons are treated in PHSD as massive quasi-particles with temp rature dependent spectral
functions. Generally, the contribution from thermal partonic radi tion to th IMR is coming
out to be stronger as compared to the Rapp/Wambach model. Data is not precise enough to
scrutinize details of the treatment of the thermal hadronic (in-medium ρ) radiation. Note also
that in PHSD dielectrons from ∆ Dalitz decays are explicitly treated. It appears that details that
the in-medium ρ meson is sufficiently well approximated by the empirical ansatz of collisional
broadening. Similar conclusions can be also derived for ore differential comparisons of th
transverse momenta distributions. Future dile ton experiments are designed t provid data
quality which will help to address this important issue in great detail and differentiate between
the models (see the following section).
6.2. Multi-differential dilepton observables
A second important observation made by NA60 is based on the evaluation of excess-pair
transverse-momentum distributio s fo differen regions in invariant mass. For a total of 10
invariant-mass bins, spanning from 0.2 to 1.2 G V/c2, acceptance corrected transverse-mass
distributions were reconstructed and fitted with an exponential form according to
dM
m⊥dm⊥
= e
−m⊥
kTeff . (85)
The respective inverse slope par m te s Teff are depicted in Fig. 26 and reveal a non-monot nic
trend as function of invariant mass. Up to an invariant mass of around 1 GeV/c2 they rise
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Figure 27: Systematic of excess radiation. Plotted is the ratio R of the dilepton signal over the cocktail yield
versus the number of produced charged particles in the reaction dN∗ch/dy. SIS18: R is computed as ratio of the
signal yield in the (large) acceptance of the HADES spectrometer around mid-rapidity divided by the respective
cocktail yield. Other: Signal yields over cocktail at mid-rapidity in one unit of rapidity are plotted. For details
see text.
continuously and then drop by about 50 MeV to stay constant within errors. A similar exercise
has also been done for pairs in the IMR and their inverse slope parameters turn out to be
consistent with T = 200 MeV within errors. This is a remarkable observation as the drop in
effective temperatures occurs exactly beyond the low-mass vector meson region. It is conceivable,
as argued in [254], that the rise of the inverse slope parameter is due to the collective expansion of
the emitting source forcing shallower slopes as the masses grow. Having in mind that the flow is
built up in the course of the fireball evolution, lower inverse slop parameters for a given invariant
mass would signal generally earlier emission, i.e. before flow reaches its maximum (cf. Sec 2). A
similar observation and conclusion [245] has been made inspecting slope parameters extracted
from hadronic final states measured with NA44 [246] and also dilepton mesonic sources in Na60
data (open symbols in Fig. 26).
The interpretation of reduced mean transverse momenta (at given invariant mass) in terms
of an emission at earlier stages can be further scrutinized by turning back to the fully acceptance
corrected invariant mass distribution shown in Fig. 21. The third observation is the perfectly
smooth falloff in the mass region above the eminent ρ bump. Other than the p⊥ distributions,
the invariant mass distribution is not subject to blue (or red) shifts since the invariant mass
is a Lorentz-scalar. The NA60 has fitted a relativistic Plank distribution of shape dN/dM ∝
M3/2 exp(−M/Tth) to the distribution to extract a space-time averaged emission temperature
of Tth = 200± 12 MeV. This temperature is significantly above the pseudo-critical temperature
extracted from lattice QCD which it turn coincides with the limiting temperature derived from
particle multiplicities assuming emission from a thermalized sources. Taking all together, the
data provides substantial support for the interpretation that a deconfined phase has been created
in HI collisions at the SPS.
The penetrating nature of dilepton radiation is also reflected in the centrality dependence of
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the excess yield in the LMR. While the observed hadron multiplicities are understood to scale
with the volume of the fireball, for given freeze-out temperature and chemical potentials, the
dilepton yield is also determined by the lifetime of the radiating fireball. Moreover, the emission
rate is strongly depending on the temperature of the emitting source which of course changes
in the course of fireball evolution. A simple evolution of the excess radiation as a function of
centrality is therefore not to be expected. Fig. 27 shows an attempt to establish the systematics
of the ratio R of signal over cocktail obtained in various experiments. The collision energies span
two orders of magnitude while mostly heavy collision system are investigated, besides the medium
size In-In system explored by Na60. Because of the wide range in collision energy, the definition
of the “excess” is not strictly unique. The ”low energy” case is represented by the HADES Au-Au
data taken at
√
sNN = 2.4 GeV. Four classes of centrality are shown, 0−10%, 10−20%, 20−30%
and 30 − 40% of the total geometrical cross section. The centrality classes are obtained from
fits of Glauber MC simulations to the measured charged particle multiplicities in the HADES
acceptance. Details of the centrality selection can be found in [21]. For the systematics presented
here, R is taken to be the signal yield integrated in the mass range 200 MeV/c2 ≤ Me e ≤
600 MeV/c2 divided by the respective integral over the sum of meson cocktail and the N-N
reference spectrum in the same mass range. The yields are derived in the acceptance which, in
the case of HADES, covers a large fraction of the phase space around mid-rapidity. The ratio
is plotted as a function of the multiplicity of produced charged particles. We have chosen to
do so since at this energy the final state is dominated by the stopped baryons and hence not
representing a measure for the event activity. Hence, the three data points for HADES are placed
at the respective charged pion multiplicity in full phase space. Pions are the only abundantly
produced hadrons at the SIS18 energy domain.
The “medium energy” is represented by the In-In data obtained by the NA60 collaboration.
Note that this is the only medium size collision system included in the systematics. For this case
R was computed from the ratios published in [243] where the continuum yield, normalized to a
so-called cocktail ρ is presented for 12 centrality bins. To include these data to our systematics,
the continuum yield was assumed to be constant9 and accounted for in the 200 − 600 GeV/c2
invariant mass region (for details see e.g. [253]). The ratios originally presented refer to the
excess yield (in acceptance) without ρ peak in the 200 < Mµ+µ− < 1000 MeV/c
2 relative to
the cocktail ρ yield. The latter is calculated from the measured ω yield assuming that the ρ
signal is as strong as the ω signal. The respective cocktail yield has been obtained from the
centrality integrated spectrum accounting for η and ω-Dalitz decays in the 200 − 600 GeV/c2
mass range. The cocktail was assumed to scale linearly with the charged particle multiplicity as
reported in [243]. The data points (denoted by diamond symbols) are plotted as function of the
charged particle multiplicity density. The data collection from SPS is complemented with the
data obtained by the CERES collaboration for Pb-Au collisions also at
√
sNN = 158 GeV [237].
The ratios R have been derived as signal over cocktail yield integrated from 200 to 600 MeV/c2
and are shown (squares) for four centrality classes spanning the 40% most central collisions
according to the trigger conditions used in the experiment.
The third energy is represented by the STAR and PHENIX data (triangles) taken from [252]
and [47], respectively. Both data sets were obatined at maximum RHIC energy of
√
sNN =
200 GeV. Also here R represent the integral signal yield normalized to the hadronic cocktail,
however here integrated from 300 to 760 MeV/c2. They are as well plotted for the respective
charged particle rapidity densities of the respective centrality classes. The fact that the largest
9indeed the continuum yield measured in the NA60 acceptance appears nearly constant due to the particular
acceptance filter of the spectrometer
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fraction of excess radiation is observed at the lowest collision energy can be traced back to
two effects. First, the fireball freezes out at moderate temperatures of around kT ' 60 MeV.
Consequently, there are only moderately many excited hadron states which can contribute to
the cocktail yield. The second reason is the relatively long life time of the dense phase of the
collisions (up to 15 fm/c). Note that the absolute size of the fireball does not matter as the
hadronic cocktail scales linearly with the freeze-out volume as also the emissivity.
With upcoming high-statistics data on dilepton production it will become possible to extract
flow patterns through higher harmonics in the azimuthal angular distribution relative to the
event plane (cf. Eq. 1). The elliptic flow signal (v2) in particular will provide a more quantitative
analysis of the actual emission time of the radiation. Very interesting will be the comparison
of the elliptic anisotropy of the radiation emitted in the LMR and IMR. Certainly, one would
expect that the the strength is diminished at higher mass as it is suggested by the result depicted
in Fig. 26. Elliptic flow has been observed in the direct photon signal [132, 141] and interpreted
using a full expansion simulation of the fireball including various scenarios [140]. It was found
that the flow signature also encodes bulk properties of the expanding medium like shear viscosity
for real photons and consequently also for dileptons. Such measurements are challenging as flow
signatures are best observed when centrality selections are applied. Hence, such measurements
not only represent triple differential analyses but also have to be corrected for possible non-flow
contributions.
7. Outlook
Since the pioneering dilepton experiments in heavy-ion collisions, the existence of thermal
radiation of virtual photons has been clearly identified and successfully described on the basis of
thermal averages of in-medium hadronic and partonic current-current correlators. Meanwhile,
dileptons are recognized as valuable tool to study the microscopic properties of QCD matter
under extreme conditions and to search for landmarks in the strong-interaction matter phase
diagram. Significant measurements of thermal dilepton radiation need high statistics data and
excellent discrimination of background. Only new, state-of-the art detector systems can cope
with this demand.
To explore the complete region of the QCD phase diagram accessible in heavy-ion reac-
tions therefore require to “go back” in beam energy and to operate respective detector systems
at accelerators providing collision energies spanning from
√
sNN = 2 GeV to energies beyond√
sNN = 100 GeV. Several such projects are on their way. ALICE will continue dilepton spec-
troscopy with emphasize on thermal radiation in run 3 with the upgraded ALICE detector [39].
The spectrometer will operate at 50 kHz interaction rate and include two upgrades essential for
this task: the GEM-based TPC read-out chambers enabling continuous operation and the new
Inner Tracking System (ITS) based on thinned monolithic CMOS sensors. There even plans to
further replace inner layers of the recently developed ITS of 2nd generation in LS3 with possibly
then available ultra-thin, flexible pixel detector. The boost in detection capability of low mo-
mentum particle is expected to provided even better signal to background ratio as compared to
the new ITS. High statistics measurements in LMR and IMR region are scheduled for Run3 with
the main goal to access in-medium ρ meson spectral function and thermal radiation in the region
above vector meson poles . The STAR detector will continue its Beam Energy Scan and will pro-
vide dielectron spectra with good statistics down to collision energies of around
√
sNN = 20 GeV
and possibly even lower, depending on the luminosity finally achievable by utilizing improved
beam cooling in the RHIC. Also the SPS physics program is looking forward to the approval
of a next generation NA60 experiment termed NA60++ [182]. It will stay with the concept of
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combining two independent spectrometers, one in front of and one behind the hadron absorber.
However, new detectors are foreseen for installation throughout.
The exploration of the high-µB region using dilepton observables is the realm of new acceler-
ator facilities currently under construction. Indeed, the exploration of the QCD phase diagram
in the region of high µB has recently gained a lot of attention. Several new experiments are
proposed or being constructed to measure relevant observables with unprecedented precision. In
most of the cases dilepton observables are a prime goal of the experiments. With these detec-
tors becoming operational, high statistics data on dilepton radiation can then be taken down to
SIS18 energies where HADES is currently operational. The CBM experiment will be installed
at the new FAIR accelerator complex and feature both techniques with same rapidity coverage,
dielectron and dimuon spectroscopy. It is designed to be operated at interaction rates beyond
one MHz.
For the first time the high-µB region of the phase diagram will be explored with penetrating
probe in the STAR BESII run. Statistics, however, will still be limited for the lowest beam
energies under consideration. The third facility, also currently under construction, is NICA at
the Joint Institute of Nuclear Research. This facility will operate both, a fix-target and s collider
experiment. For a more detailed discussion of the upcoming facilities dedicated to high-µB QCD
matter we refer to [248].
Indeed, thermal dileptons are a promising tool for the search for yet undiscovered landmarks
in the QCD phase diagram. The prospect to establish excitation functions of thermal dilepton
emission in the LMR and IMR has very much inspired the community in recent years. A high-
precision reconstruction of the excess radiation in the invariant mass range around 1 GeV/c2
will allow to study the effects of spontaneous chiral symmetry breaking through combined mea-
surements of in-medium ρ meson spectral function and ρ − a1 mixing, possibly a more clear
indication for the onset of its restoration. The direct extraction of a mean temperature from the
slope of the invariant mass distribution will give access to the “caloric curve” of QCD matter.
It is expected that a non-monotonicity in the excitation function might occur once the phase
space evolution of the fireball transits through a first order deconfinement–confinement transi-
tion. Such a landmark could also leave non-monotonic structure in the excitation function of
integrated excess yield. Roughly spoken, the excess radiation is emitted from the fireball in a
period of less than 10 ns. Any “slowing down”of the fireball expansion due to the conversion the
latent heat would be visible if the “delay” would be significant, i.e. reach several 10% of the
total radiation time.
Still today, the observation of thermal IMR radiation by NA60 and the extraction of a source
mean temperature T = 200± 12 MeV is one of the most direct proofs that a partonic medium
is created in ultra-relativistic heavy-ion collisions. In the low energy domain in the HADES
measurement temperature of the of above 70 MeV is extracted from radiation of hadronic
medium with constituents whose properties have been strongly modified. Upcoming experiments
in colliders and using stationary targets will provide more precise data. In this review we have
addressed the challenges and strategies to accomplish this ambitious goal based on a precise
understanding of the emissivity of strong-interaction matter over full phase space diagram. To
establish the “standard candle” of strong-interaction matter significant reference measurements
with pion and proton beams, using in particular also exclusive channels, are very important.
Particularly, successful description of LMR with in-medium ρ meson spectral function based on
hadronic models requires further constraints to scrutinize mason-baryon interactions which drive
the medium effects.
A second challenge is to provide clear evidence for a (partial) restoration of the spontaneously
broken symmetry. Reactions, where multi-pion contributions to the dilepton yield dominate over
QGP radiation, and provided that contributions from open charm and Drell-Yan are under con-
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trol with sufficient precision, seem to be promising for studies of V − A mixing and the vector
mass modifications. Beam energies in the SIS100 range provide favorable conditions since hard
processes are sufficiently suppressed. Such measurements are planned with the upgraded HADES
detectors already during Phase-0 of FAIR and later with CBM. At SPS energies, a new Na60+
detector will be sensitive to detect effect of the chiral mixing in IMR with the anticipated preci-
sion of vertex detectors [182]. At the high-energy frontier, the upgrade of the ALICE detector
is planned to be finished for Run 3 and will provide excellent vertex resolution, sufficient to
separate the correlated charm from prompt thermal dileptons. Moreover, the rate capability will
reach 5104 recorded events per second due to the TPC upgrade. Precision measurements in the
LMR and IMR will then be in reach [39]. It is expected that about 60% of the radiation in
the LMR region will originate from a hadronic medium with temperatures slightly below Tpc,
the measurement will be sensitive to effects related to chiral symmetry restoration close to the
hadron gas-QGP transition. The near future will show how close the community will come to
this ambitious goal.
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